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P r e f a c e
I n d u s t r i a l p r o g r e s s during the t w e n t i e t h century has contr ibu t ed toour wel l-being, but has a l so r e su l t ed in environmental changes that haveincreased risks to human heal th. Not only are greater quant i t i e s and

varie t i e s of hazardous mat er ia l s being taken f r o m the earth and used in
many ways, but the use of syn the t i c m a t e r i a l s with s imi lar phy s i ca l andchemical p r o p e r t i e s has also been growing.

Advers e health e f f e c t s f r o m many of these new exposures have beenreceiving cons iderab l e a t t en t i on . Radioac t ive subs tances , c i g a r e t t e
smoke, pe trochemical s , and asbe s to s , for e xampl e , are well known forthe ir p o t e n t i a l to harm heal th.

The h ea l th risks f r o m exposure to these and other mater ia l s areprovoking some alarm because of several charac t er i s t i c s that they have incommon. R e l a t i v e l y s m a l l , sometimes minute, amounts may cause severedamage to h e a l t h . P e o p l e are o f t e n not aware of their exposure at thetime it occurs. Cancer, a p a r t i c u l a r l y f e a r e d d i s ea s e , can re sul t .Cancer and other adverse hea l th e f f e c t s t y p i c a l l y occur many years a f t e rexposure began. Evidence l inking the p a r t i c u l a r substance to subsequent
di s ease may a p p e a r — a n d be a c c e p t e d — o n l y d e cade s a f t e r mi l l i on s o fp e o p l e have been e x p o s e d . A s b e s t i f o r m f i b e r s , which f or p u r p o s e s o f thi sreport inc lude both natural mat er ia l s such as a sb e s t o s and synthe t i cmat er ia l s such a s f i b r o u s g l a s s , t y p i f y the p r o b l e m .

A l t h o u g h a sb e s t o s and some of its uses had been known for c en tur i e s ,t w e n t i e t h century indu s t ry brought a vast increase in mining andd i s t r i b u t i o n of that material . T h e n , some years a f t e r hundreds o fthousands of workers had been e x p o s e d , it became apparent thatcons iderab l e damage to h ea l th , inc lud ing cancer, was occurring as are sul t . Ascer ta ining the harm pre c i s e ly was compl i ca t ed because otherf a c t o r s , e s p e c i a l l y c i gar e t t e smoking, o f t e n contributed to the samee f f e c t s . As the hazard became more w i d e l y known in recent' years, annualuse of a s b e s t o s in the U n i t e d S t a t e s has d r o p p e d . However, a sbe s to s hadalready been wide ly d i s t r i b u t e d in schools and other b u i l d i n g s , In thegeneral outdoor air, and in some water s u p p l i e s . T h u s , tens of mil l ionsof p e o p l e are s t i l l being e x p o s e d — a l t h o u g h u sua l ly to very small amounts.
The u s e f u l n e s s of asbes tos was so great that s u b s t i t u t e s with somesimilar phys ical p r o p e r t i e s were d ev e l op ed for commercial purpo s e s . Dothese synthe t i c materials carry the same, or some, hea l th risk because ofthe characteri s t ic s they share with the natural ly occurring asbestos?
Given the wide spread occurrence of these m a t e r i a l s , concerned f e d e r a lagencies commissioned s t u d i e s to examine the p o t e n t i a l heal th risk f r o m
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nonoccupational exposure to asbestos. In one such s t u d y , the S a f e
Drinking W a t e r Commi t t e e of the N a t i o n a l Research Council sought todetermine whether h ea l th damage was occurring because drinking water wascontaminated with asbestos f i b e r s . The commit tee f o u n d that thee p i d e m l o l o g l c a l s t ud i e s of a sbe s to s In drinking water had m a j o r
l imi ta t i on s In d e s i g n , but that the c o m m i t t e e ' s risk e s t imate s werecompatible with the results of the e p i d e m l o l o g l c a l s tudies (Nationa lResearch Counci l , 1983). G e n e r a l l y , the amount of asbes tos in thedrinking waters s tudied would be l ike ly to yield an increased risk toosmall to d e t e c t .

The U . S . Consumer Produc t S a f e t y Commis s ion, in carrying ou t i t sr e s p o n s i b i l i t y for p r o t e c t i n g consumers, sought guidance f r o m a ChronicHazard Advi sory Panel on A s b e s t o s . The l a t t e r body concluded that"asbestos at all l eve l s of exposure . . . [ s h o u l d be r e g a r d e d ] ... as apot ent ia l human carcinogen." Furthermore , the panel wrote, "It isprudent to behave as if a sbe s to s f i b e r s may be carcinogenic at low
exposure levels and at small p a r t i c l e sizes" ( U . S . Consumer ProductS a f e t y Commiss ion, 1983). There has also been concern about asbes tos ins chool s , as evidenced by r epor t s f r o m the U . S . Environmental Pro t e c t i onA g e n c y (1980) and the U . S . General Account ing O f f i c e (1982).

In a more general a p p r o a c h to the issue, broadening it beyonda sb e s t o s , the Environmental Pro t e c t i on A g e n c y asked the N a t i o n a l Academyof Sc i enc e s :
to evaluate the human health risks associatedwith nonoccupational exposure to a s b e s t i f o r mf i b e r s , with emphasis on I n h a l a t i o n of outdoorand I n d o o r air, and
to determine the extent to which the phys ical-chemical p r o p e r t i e s of the f i b e r s may beassociated with the deve lopment of various humandisease s and the extent to which such informat ionmay be incorporated into assessing health risksre su l t ing f r o m exposure to the f i b e r s .

To conduct that s t u d y , the N a t i o n a l Research Council e s tabl i shed theC o m m i t t e e on Nonoccupat ional H e a l t h Risks of A s b e s t i f o r m F i b e r s in August1982. T h i s is the report of that committee .
I per sonal ly would like to thank the commit tee members, who workedextremely hard and p er s i s t en t ly to bring the p r o j e c t to f ru i t i on . Icould not Imagine a more t h o u g h t f u l , energetic, and cooperative group forapproaching this complex problem. On behalf of the committee, I wouldalso like to thank the many persons from various groups and agencies who
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p r o v i d e d the c o n m i t t e e w i t h u n p u b l i s h e d d r a f t d o c u m e n t s , or who took the
t ime to answer q u e s t i o n s and o f f e r s u g g e s t i o n s . T h e y are t oo numerous to
men t i on i n d i v i d u a l l y . H o w e v e r , D r . Dennis K o t c h m a r , E P A p r o j e c t o f f i c e r ,
d e s e r v e s s p e c i a l m e n t i o n , a s do Mr. C o l i n C h u r c h , Dr. Robert C l i f t o n ,
Dr. Jon K o n z e n , Dr. J a m e s L e i n e w e b e r , Dr. Marvin S c h n e i d e r m a n , andM r . Paul W h i t e .

T h e c o m m i t t e e i s a l s o g r a t e f u l t o t h e c a p a b l e a n d d e v o t e d N R C p r o j e c t
s t a f f , i n c l u d i n g D r . Barbara M a n d u l a , M s . P a m e l a S m i t h , M s . Dena Banks,
Ms. F r a n c e s P e t e r , and the many o t h e r s who a s s i s t e d them at varioust i m e s , e s p e c i a l l y M s . S h i r l e y A s h , M s . L e s l y e G i e s e , M s . J a c q u e l i n e
P r i n c e , M s . Mary E l l e n S c h e c k e n b a c h , a n d M s . Bernidean W i l l i a m s .
S p e c i a l t h a n k s are a l s o due Dr. W a r r e n M u i r , who was a c o n s u l t a n t toth e c o m m i t t e e . F i n a l l y , I wi sh t o thank Dr. Robert T a r d i f f , who wa s
e x e c u t i v e d i r e c t o r o f B O T E H H when t h e p r o j e c t b egan; D r . Devra D a v i s ,
p r e s e n t e x e c u t i v e d i r e c t o r o f B O T E H H , w h o e n e r g e t i c a l l y s h e p h e r d e d t h ep r o j e c t t h r o u g h i t s f i n a l s t a g e s ; a n d Drs. F r e d e r i c k Robbing a n d A l v i n
Lazen o f t h e C o m m i s s i o n o n L i f e S c i e n c e s f o r t h e i r c o n t i n u e d i n t e r e s t a n d
s u p p o r t .

L e s t e r Bre s l owChairman
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IX



R E F E R E N C E S
N a t i o n a l Research C o u n c i l . 1983. Drinking W a t e r and H e a l t h . V o l . 5 .

A report o f t h e S a f e Drink ing W a t e r C o m m i t t e e , C o m m i e s i o n o n L i f eS c i e n c e s . N a t i o n a l A c a d e m y P r e s s , W a s h i n g t o n , D.C.
U . S . Consumer P r o d u c t S a f e t y Commi s s i on . 1983. Chronic H a z a r d A d v i s o r y

Panel o n A s b e s t o s . Consumer P r o d u c t S a f e t y Commi s s i on , W a s h i n g t o n ,D.C.
U . S . Environmenta l P r o t e c t i o n A g e n c y . 1980. A s b e s t o s - C o n t a i n i n g

M a t e r i a l s i n S c h o o l s . H e a l t h E f f e c t s a n d M a g n i t u d e o f Expo sure .S u p p o r t document f or p r o p o s e d ru l e 6 on f r i a b l e a s b e s t o s - c o n t a i n i n gm a t e r i a l s i n school b u i l d i n g s . Environmenta l P r o t e c t i o n A g e n c y ,W a s h i n g t o n , D.C.
U . S . Genera l A c c o u n t i n g O f f i c e . 1982. A s b e s t o s i n S c h o o l s : A Dilemma.G e n e r a l A c c o u n t i n g O f f i c e , W a s h i n g t o n , D.C.



Contents
E X E C U T I V E S U M M A R Y ....................... 1
Origin of the S t u d y . . .................... 1M a j o r F i n d i n g s and Recommendations .............. 2

Evaluat ion of Risk . . . ................. 2Physicochemical P r o p e r t i e s and H e a l t h E f f e c t s ...... 4
Recommendations ..................... 4

Summary of the S t u d y ..................... 5Background . . . ..................... 5
Mater ia l s of Concern ................... 7Relat ionsh ip o f F i b e r Charac t er i s t i c sto H e a l t h E f f e c t s ................... 8
Measurement and Extent of Exposure ............ 9H e a l t h E f f e c t s M e t h o d o l o g y ................ 10H e a l t h E f f e c t s o f A s b e s t o s ................ 11
H e a l t h E f f e c t s o f N o n a s b e s t o sA s b e s t i f o r m F i b e r s ................... 12
Evidence A s s o c i a t i n g F i b e r P r o p e r t i e swith A d v e r s e H e a l t h E f f e c t s .............. 13
Risk A s s e s s m e n t s . . . . . . . . . . . . . . . . . . . . . 1 3

INTRODUCTION .......................... 16
Concurrent N a t i o n a l Research Council andGovernment A c t i v i t i e s Rela t ed to A s b e s t o s .......... 19T h e C o m m i t t e e ' s A p p r o a c h . . . . . . . . . . . . . . . . . . . 2 0Reference s . . . . . ..................... 22
A S B E S T I F O R M F I B E R S : H I S T O R I C A L B A C K G R O U N D , T E R M I N O L O G Y ,

AND PHYSICOCHEMICAL PROPERTIES ............... 25
Asbes to s in H i s t o r y ...................... 25Mineralogical Terminology ................... 26Sources of Mineral Partic le s ................. 31Physical Propert i e s o f A s b e s t i f o r m F i b e r s . . . . . . . . . . . 3 1F i b e r l i k e M o r p h o l o g y ................... 32Enhanced S t r e n g t h and F l e x i b i l i t y ............ 33Diameter-Dependent S t r e n g t h . . . . . . . . . . . . . . . 3 3Increased Physical and Chemical Durab i l i ty ........ 33D e f e c t - F r e e S u r f a c e Struc tur e .............. 34Growth-Dependent F i b e r Qual i ty .... ......... 35

xl



C O N T E N T S

2 ( c o n t . ) j
Biolog i ca l ly Relevant Physicochemical Propert i e s ....... 36 jR e s p i r a b i l i t y ...................... 36S i z e and A s p e c t Ratio ( L e n g t h : D i a m e t e r ) ......... 36Durabil i ty ....................... 37F l e x i b i l i t y and T e n s i l e S t r e n g t h ............ 38Chemical C o m p o s i t i o n .................. 38S u r f a c e Area ...................... 39S u r f a c e Charge ..................... 39S t a n d a r d i z e d A s b e s t o s S a m p l e s .............. 39Summary ........................... 40Recommendations ....................... 42Reference s .......................... 43

3 A S S E S S I N G N O N O C C U P A T I O N A L EXPOSURES T OASBESTIFORM FIBERS ..................... 48
D e f i n i t i o n s of Exposure ................... 48A s b e s t i f o r m F i b e r s and T h e i r Sources. . ........... 52Exposure Potential for Asbes to s ............... 55T y p e s of Exposure .................... 55Quantitat ive Exposure Es t imate s ............ 61Exposure to Other N a t u r a l Mineral Fiber s ........... 68A t t a p u l g i t e ....................... 69Erionite . . ...................... 70Exposure to Man-Made Fiber s ................. 71M a n - M a d e Mineral F i b e r s ................. 71Exposure to Other Man-Made Fiber s ............ 75Summary and Recommendations. ................. 76References .......................... 77

4 MEASUREMENT OF EXPOSURE TO ASBESTIFORM FIBERS ........ .82
Measurement Techniques . . . . . . . . . . . . . . . . . . . . .82Measuring Asbe s to s Dust in the Workp la c e . . . . . . . . . . . .85The Impinger Technique ................. .85The Membrane F i l t e r Technique . . . . . . . . . . . . . . .85Measuring A s b e s t o s Dust in the Ambient Environment ...... .86Relationships Among Various Exposure MeasurementMethods .......................... .87Exposure to C h r y s o t i l e in the Ambient Environment . . .... .90Compl i ca t ing F a c t o r s in Environmental Assays . . . . . . . . . .91F u t u r e Measurement of Exposure to A s b e s t i f o r m Fiber s ..... .91Recommendations . . ..................... .93References .......................... .93

xii



C O N T E N T S

EFFECTS OF ASBESTIFORM FIBERS ON HUMAN HEALTH ........ 97
N a t u r e of Evidence ...................... 97Biod i spOBit i on of Fiber s ................... 100Fiber Depos i t ion . . .................. 103Clearance and T r a n s p o r t ................. 106Clinical A s p e c t s of Asbe s t o s -Asso c ia t ed Diseases ....... 107Neces sary Assumpt ions Used in DeterminingH e a l t h E f f e c t s . . .................. 107S e n s i t i v i t y and S p e c i f i c i t y of ClinicalEvidence . . ..................... 108General Diagnostic Measures ............... 109Disease Asso c ia t ed with Nonoccupat ional Inhalat ionExposure s to A s b e s t i f o r m F i b e r s .............. 114Asbe s t o s Exposure f r o m Househo ld Contact s ........ 116Neighborhood Exposure to Asbe s t o s ............ 116

Natural Sources of A s b e s t i f o r m F i b e r s .......... 117Summary ......................... 119
Epidemio log i ca l S t u d i e s o f E f f e c t s Resulting f r o m th eI n g e s t i o n of A s b e s t o s in Drinking Water . .......... 119Occupational Ep idemio l og i ca l S t u d i e s — M e t h o d o l o g i c a l

Considerations ....................... 123Cancer M o r t a l i t y in Occupational Cohort s Exposedto Asbe s t o s ........................ 125Mining and M i l l i n g ................... 128
M a n u f a c t u r i n g ...................... 128Insu la t i on ....................... 131S h i p y a r d s ........................ 131Relative Carcinogenicity of D i f f e r e n tT y p e s of Asbe s to s ................... 132
E f f e c t s of Smoking ................... 133Summary ......................... 133A s b e s t o s i s and Asbe s to s-Assoc ia t ed Pleural Disease

in Occupational Cohorts .................. 135M o r t a l i t y S t u d i e s .................... 135Morbid i ty S t u d i e s .................... 136Summary ......................... 140H e a l t h E f f e c t s o f Occupational Exposure toMan-Made Mineral Fiber s .................. 141Morbid i ty ........................ 141M o r t a l i t y ........................ 143Summary ......................... 145.A d d i t i o n a l Occupational Epidemiological S t u d i e s ....... 146A t t a p u l g i t e . . .................... 146T a l c .......................... 146
Recommendations ....................... 148
References ......................... 149

xiii



CONTENTS i

LABORATORY STUDIES OF THE EFFECTS OF ASBESTIFORM FIBERS ... 165
S t u d i e s in Animals ..................... 165Lung Cancer ...................... 165Mesothel ioma ...................... 167

F i b r o s i s ........................ 168Events in the Gas tro in t e s t ina l Tract A f t e r
Exposure to A s b e s t o s ................. 169In V i t r o S t u d i e s ...................... 170H e m o l y t i c Assays .................... 170C y t o t o x i c i t y S t u d i e s .................. 171A l t e r a t i o n s in C e l l s of the Immune S y s t e mA f t e r Exposure t o A s b e s t i f o r m F i b e r s ......... 172E f f e c t s on F i b r o b l a s t s in V i t r o . . .......... 173I n i t i a t i o n - P r o m o t i o n M o d e l of Carc lnogene s i s ........ 173I n t e r a c t i o n of A s b e s t i f o r m Fiber s with DMA ....... 175Tumor Promotion .................... 176

In V i t r o S t u d i e s with M e s o t h e l l a l C e l l s ........ 177I n t e r a c t i o n s Between F i b e r s and P o l y c y c l l cAromat i c H y d r o c a r b o n s (PAHs) ............. 177
Conclus ions ......................... 177A s b e s t i f o r m F i b e r s : I n i t i a t o r s a n d / o rPromoters of Lung Tumors? . .............. 177A s b e s t i f o r m F i b e r s : I n i t i a t o r s a n d / o rPromoters of Malignant Meso th e l i oma? ......... 179A s b e s t i f o r m F i b e r s : P o s s i b l e Mechanismsof F i b r o s i s ..................... 180Summary ........................... 180Recommendations ....................... 183Reference s ......................... 184
R I S K A S S E S S M E N T ....................... 2 0 0
The Process of Risk Assessment ............... 200Quanti ta t ive Risk Asses sment ................ 205Mathematical Model for Carcinogenic

Risk Est imate .................... 206Publi shed Risk Asses sments ................. 208Lung Cancer Risk From Nonoccupat ionalEnvironmental Exposures ............... 208Mesothe l ioma Risk From Nonoccupational
Environmental Exposures ............... 209Quantitative Risk Assessment for Nonoccupat ionalEnvironmental Exposures .................. 211

L i f e t i m e Risk Estimates for Lung Cancerand Meso the l i oma .................... 211Risk Asses sments for S p e c i a l S u b p o p u l a t i o n s ...... 221
xiv



C O N T E N T S

7 ( c o n t . )
C o m p a r a t i v e Ri sk A s s e s s m e n t . . . . . . . . . . . . . . . . . .222

M e t h o d s . . . . . . . . . . . . . . . . . . . . . . . . .222
Genera l M e t h o d o l o g i c a l C o n s i d e r a t i o n s ......... .223
S c o r i n g C o n s i d e r a t i o n s . . ............... .226D i s c u s s i o n o f C o m p a r a t i v e Ri sk s . . ........... .228

Summary and R e c o m m e n d a t i o n s . . . . . . . . . . . . . . . . . .230
R e f e r e n c e s . . . . . . . . . . . . . . . . . . . . . . . . . .232
A P P E N D I X A : A s b e s t o s Expo sur e a n d Human D i s e a s e . H a l l m a r k

O b s e r v a t i o n s and S t u d i e s f r o m 1898-1979 .... .237
A P P E N D I X B : N a t u r a l a n d S y n t h e t i c F i b r o u s S u b s t a n c e s

and Some of t h e i r Known B i o l o g i c a l E f f e c t s . . . .244
A P P E N D I X C : F i b e r - Q u a l i t y P a r a m e t e r s o f S e l e c t e d

A s b e s t o s , W h i s k e r , and G l a s s F i b e r s ...... .253
A P P E N D I X D : C o n c e p t u a l M o d e l o f F i b e r E x p o s u r e ....... .261
A P P E N D I X E : E p i d e m i o l o g i c a l S t u d i e s Among C o h o r t s

E x p o s e d t o A s b e s t o s . .............. .267
A P P E N D I X F : E f f e c t s o f A d m i n i s t e r i n g A s b e s t i f o r m

F i b e r s to A n i m a l s . ............... .300
A P P E N D I X G : D e v e l o p m e n t o f Some E q u a t i o n s U s e d f o r

Q u a n t i t a t i v e Risk A s s e s s m e n t .......... .311
APPENDIX H: C o m p a r a t i v e Risk A s s e s s m e n t S c o r e S h e e t s .... .314
A P P E N D I X I : Background I n f o r m a t i o n o n Members o f t h e

Commi t t e e on N o n o c c u p a t i o n a l H e a l t h Risks
of A s b e s t i f o r m F i b e r s ............. .332

xv



Executive S u m m a r y
O R I G I N O F T H E S T U D Y

N o n o c c u p a t i o n a l h ea l th risks a s s o c ia t ed wi th exposure to airborne
a s b e s t i f o r n r - f i b e r s have aroused concern because the adverse e f f e c t sf r o m occupational exposure to some t y p e s of the s e f i b e r s have been welldocumented and because asbestos as well as other mineral and synthe t i cp a r t i c l e s with similar p r o p e r t i e s are wide spread in the environment.Moreover, an excess occurrence of asbe s to s-related disease has been foundamong p e o p l e who were not themselves o c cupa t i ona l ly exposed but who livedeither near industrial f a c i l i t i e s where asbestos was used or in householdswith asbes tos workers. In this r epor t , the Commit t e e on N o n o c c u p a t i o n a lH e a l t h Risks of A s b e s t i f o r m F i b e r s considers the heal th risks posed bynonoccupational airborne exposures to asbes tos and other natural orsynthe t i c a s b e s t i f o r m f i b e r s . The issue is important because many p e o p l emay be exposed to these mater ia l s , a l though at r e la t iv e ly low levels.

To reach a be t t er unders tanding of the r e la t i on sh ip between charac-t er i s t i c s o f a s b e s t i f o r m f i b e r s and p o s s i b l e adverse health e f f e c t s f r o mnonoccupational exposures , the U . S . Environmental Protec t ion Agency askedthe N a t i o n a l Academy of Sciences to undertake a s t udy with two goals:
• to evaluate the human heal th risks associated withnonoccupational exposure to a s b e s t i f o r m f i b e r s ,with emphasis on inhalation of outdoor and indoorair, and
• to determine the extent to which the physical-chemical proper t i e s of the f i b e r s may beassociated with the deve lopment of various humandiseases and the extent to which such I n f o r m a t i o nmay be incorporated into as se s s ing health risksre su l t ing f rom exposure to the f i b e r s .
The committee found that much more in f ormat i on is avai lable aboutasbe s to s than about the other mat er ia l s of concern. Wherever p o s s i b l e ,the committee compared data on the nonasbestos f i b e r s with data onasbestos. T h i s comparison required assessment of i n f o r m a t i o n on a sbe s to sas well as on other materials.

1 T h e term "asbes t i form" In this report r e f e r s to f i b e r s that sharesome s p e c i f i c physical p r o p e r t i e s with asbestos* T h e s e are describedlater in this summary and in Chapt er 2. The term is a mineralogical onethat has been used for more than a century.



M A J O R F I N D I N G S A N D R E C O M M E N D A T I O N S
Evaluat ion of Risk

N o n o c c u p a t i o n a l exposure to a s b e s t i f o r o f i b e r s in air pr e s en t s a risk
to human h e a l t h . The extent of t h i s risk is h i g h l y uncertain, d e p e n d i n g
on the nature and amount of exposure and o ther f a c t o r s . Evidence for the
exis tence of the risk i n c l u d e s the f o l l o w i n g :

• Large excesses of l ung cancer, m e s o t h e l i o m a , pulmonary f i b r o s i s ,and other p l e u r a l a b n o r m a l i t i e s have been f ound among workers occupa-t i o n a l l y e xpo s ed t o a s b e s t o s . P r e s u m a b l y , n o n o c c u p a t i o n a l e xpo sur e s wouldre su l t i n q u a l i t a t i v e l y s imi lar e f f e c t s .
• Both a s t a t i s t i c a l l y exce s s ive number of cases of m e s o t h e l i o m a and

an exces s f r e q u e n c y of p l e u r a l a b n o r m a l i t i e s have been observed amonghou s eho ld c o n t a c t s o f a s b e s t o s workers.
• A s b e s t i f o r a f i b e r s are d i s t r i b u t e d e x t e n s i v e l y o u t s i d e the work-p l a c e , a l t h o u g h u s u a l l y i n minute q u a n t i t i e s .
• T h e m a j o r p a t h o l o g i c a l e f f e c t s a s s o c i a t e d w i th human e xpo sur e t oairborne a s b e s t o s have been d u p l i c a t e d e x p e r i m e n t a l l y in animal s .
• I n c r e a s e s in c e l l r e p l i c a t i o n and o ther a b n o r m a l i t i e s have been

seen in c u l t u r e s o f t r a c h e a l l i n i n g c e l l s f r o m humans and animal s a f t e r I
the c e l l s were e x p o s e d to s y n t h e t i c or na tura l a s b e s t i f o r m m a t e r i a l s . 1^^

E s t i m a t i n g the e x t en t of h e a l t h r i sk s f r o m n o n o c c u p a t i o n a l e x p o s u r e to ^^
a s b e s t i f o r m f i b e r s i s f r a u g h t w i th u n c e r t a i n t y . F a c t o r s c o n t r i b u t i n g t o j
t h a t u n c e r t a i n t y i n c l u d e th e f o l l o w i n g : j

• A great var i e ty of a s b e s t i f o r m f i b e r s has been f o u n d in the non- •o c c u p a t i o n a l environment. T h e s e f i b e r s occur in a range of s ize s and vary 'in phy s i c o ch emi ca l c h a r a c t e r i s t i c s , such as f l e x i b i l i t y and d u r a b i l i t y .
• It i s d i f f i c u l t to s t a n d a r d i z e me thod s for measuring amounts andcharac t e r i s t i c s o f a s b e s t i f o r m f i b e r s .
• A long time is required for h e a l t h e f f e c t s in humans to becomed e t e c t a b l e a f t e r exposure begins ( o f t e n 20 to 40 years).
• There is inadequate knowledge of the mechanisms by which a s b e s t i f o r mf i b e r s lead to cancer and other h e a l t h e f f e c t s . |
• There are uncertaintie s in de t ermining dose-response r e l a t i o n s h i p s If r om the occupational environment and then e x t r a p o l a t i n g them to the Inonoccupational environment, where both exposure and p o p u l a t i o n j

charac t e r i s t i c s are u s u a l l y very d i f f e r e n t and doses are t y p i c a l l y much 'lower.



The commit t e e made e s t i m a t e s o f comparat ive risk o f adverse h e a l t h
e f f e c t s that night r e s u l t f r o m e xpo sur e s t o various a s b e s t i f o r msub s t anc e s . I t c o n c l u d e d that p o p u l a t i o n risks f r o m expo sure t o t h e o th erm a t e r i a l s considered would g e n e r a l l y be lower than the ri sks f r o m exposure
t o c h r y s o t i l e a s b e s t o s because t h e o p p o r t u n i t i e s f o r airborne e xpo sur e t o
p a r t i c l e s o f r e s p i r a b l e s ize were g e n e r a l l y l e s s f o r t h e o ther s u b s t a n c e sthan for c h r y s o t i l e . The nonasbe s to s m a t e r i a l s considered were
a t t a p u l g i t e ( t h e t r a d e name f o r t h e mineral p a l y g o r e k i t e , which e x i s t s i na s b e s t i f o r m and n o n a s b e s t i f o r m v a r i e t i e s ) ; several man-made mineralf i b e r s , such a s f i b r o u s g l a s s , mineral w o o l , and ceramic f i b e r s ; carbon
f i b e r s ; and f i b r o u s e r i on i t e . T h e s e were s e l e c t e d because t h e y seemed
l i k e l y to have, or are known to have, at l ea s t some of the p r o p e r t i e s ofa s b e s t i f o r m f i b e r s .

The c ommi t t e e made a q u a n t i t a t i v e e s t i m a t e o f the ri sk o f excess lungcancer and m e s o t h e l i o m a that m i g h t occur in per sons b r e a t h i n g low l e v e l sof a s b e s t o s in the air. A concentrat ion of 0.0004 f i b e r s / c m ^ was deemedr e a s o n a b l e to use in such c a l c u l a t i o n s because a v a r i e t y of measurementsof indoor and o u t d o o r air i n d i c a t e d tha t 0.0004 f i b e r s / c m ^ is the
a p p r o x i m a t e average level that may be encountered. If a person inhaledair c on ta in ing a s b e s t o s at that l eve l t hroughou t a 73-year l i f e t i m e , thec o m m i t t e e ' s best j u d g m e n t i s t ha t t h e l i f e t i m e risk o f me s o th e l i oma would
be a p p r o x i m a t e l y nine in a m i l l i o n (range 0 to 350 per m i l l i o n , d e p e n d i n g
on a s s u m p t i o n s r e g a r d i n g the r e l a t i o n s h i p o f do s e to r i s k ) . Others havep r o d u c e d d i f f e r e n t e s t i m a t e s that are d i s cu s s ed in th i s report . Risks for
continuous l i f e t i m e e xpo sur e s to h i g h e r or lower l e v e l s would be
p r o p o r t i o n a t e l y h igher or lower. E p i d e m i o l o g i c a l d a t a and the e s t i m a t e sderived f r o m them i n d i c a t e tha t t h e c o r r e s p o n d i n g l i f e t i m e risk f o r lung
cancer w o u l d be about 64 in a m i l l i o n for male smokers (range 0 to 2 9 0 ) ,23 in a m i l l i o n for f e m a l e smokers (0 to 110), and 6 and 3 in a m i l l i o n ,r e s p e c t i v e l y , f or mal e and f e m a l e nonsmokers. The risk t o nonsmokers
a p p e a r s g r e a t e r f o r m e s o t h e l i o m a than f o r lung cancer.

Because of the great r e l i a n c e on a s s u m p t i o n s and on c l e a r l y d e f i c i e n t
e x p o s u r e and e f f e c t s d a t a , th e c ommi t t e e views th e s e risk e s t i m a t e s a s
guide s to the q u a l i t a t i v e assessment of nonoccupat ional h e a l t h risks f r o ma s b e s t o s and a s b e s t i f o r m f i b e r s - — n o t a s d e f i n i t i v e e s t i m a t e s o f the amount
of d i s e a s e to be a n t i c i p a t e d . T h e s e e s t i m a t e s and o ther c o n s i d e r a t i o n s
l ead t o the f o l l o w i n g f i v e c onc lu s i on s about risk:

• Some d e a t h s f r o m meso the l ioma and lung cancer w i l l p r o b a b l y re su l tf r o m current and p a s t l e v e l s of exposure to a s b e s t o s in ambient air.
• Excess d ea th s f rom other d i s ea s e s , such as a s b e s t o s i s , and f r o mexpo sure s to other a s b e s t i f o r m f i b e r s are a l s o p o s s i b l e but are not l i k e l yto be as numerous as those f rom a sbe s to s- induced me so the l i omas or lungcancer.
• The numbers of annual or cumulative d ea th s expec t ed to r e su l t f r o m

such exposures are very uncertain, but th ey are v i r t u a l l y certain to belower, and p r o b a b l y much l ower , than tho s e r e s u l t i n g f r o m p a s t , heavieroccupat ional exposures to asbestos.



• D e a t h s f r o m p a s t o c c u p a t i o n a l expo sure s to a s b e s t o s can r ea s onab ly
be e s t i m a t e d to t o t a l several thousand per year in the U n i t e d S t a t e s d u r i n g
the next few years. Among th e s e , more d e a t h s f r om lung cancer than f r o mm e s o t h e l i o m a can be e x p e c t e d .

j• The g r e a t e s t r i sk s o f cont inuous l i f e t i m e e x p o s u r e t o a s b e s t o s j
wou ld be to smokers, who would be most at r i sk of l u n g cancer. H o w e v e r , ithe r i sks to nonsmokers m i g h t w e l l be g r e a t e r for m e s o t h e l i o m a than for j
l u n g cancer, because o f the s t r o n g d e p e n d e n c e o f m e s o t h e l i o m a ra t e s on
time f r o m f i r s t e xpo sure . T h e time d e p e n d e n c e f a c t o r a l s o i m p l i e s tha tr e s t r i c t i n g expo sure s o f c h i l d r e n t o a s b e s t o s would b e even more e f f e c t i v e
than a c o r r e s p o n d i n g r e s t r i c t i o n f or a d u l t s in r e d u c i n g th e l i f e t i m e risk j
o f m e s o t h e l i o m a .

P h y s i c o c h e m i c a l P r o p e r t i e s a n d H e a l t h E f f e c t s
Some o f t h e p h y s i c a l p r o p e r t i e s o f a s b e s t i f o r m f i b e r s a p p e a r t o b e

i m p o r t a n t i n cau s ing adver s e h e a l t h e f f e c t s , b u t t h e s p e c i f i c p r o p e r t i e sthat are necessary and s u f f i c i e n t are not known. One c l e a r l y important
c h a r a c t e r i s t i c i s r e s p i r a b i l i t y . I n a d d i t i o n , l o n g e r , th inner f i b e r sa p p e a r to be more p a t h o g e n i c than s h o r t e r , t h i c k e r f i b e r s , but there isnot a minimum s ize b e low which no e f f e c t s wou ld be e x p e c t e d . H o w e v e r ,
n o n f i b r o u s p a r t i c l e s g e n e r a l l y do no t induce m e s o t h e l i o m a s in animal s .
N u m b e r , r a t h e r than mas s , and d u r a b i l i t y o f f i b e r s a l s o seem to be
s i g n i f i c a n t f a c t o r s i n p a t h o g e n i c i t y o f a s b e s t i f o r m f i b e r s .

A l l m a j o r commercial t y p e s o f a s b e s t o s f i b e r s used i n t h e U n i t e d
S t a t e s have been a s s o c i a t e d w i th lung cancer, m e s o t h e l i o m a , and a s b e s t o s i s
in humans. It i s not known whe th e r the p h y s i c o c h e m i c a l f i b e r p r o p e r t i e s
r e s p o n s i b l e f o r f i b r o s i s ar e s i m i l a r t o t h o s e involved in carc inogene s i s .

Recommendat ions
T h e c o m m i t t e e ' s f i n d i n g s a n d a n a l y s i s l e d t o t h e f o l l o w i n gre commenda t ions:
1. S y s t e m a t i c m o n i t o r i n g and c h a r a c t e r i z a t i o n o f a s b e s t i f o r m f i b e r s

w i t h s t a n d a r d i z e d m e t h o d s s h ou ld be under taken in nonoc cupa t i ona lenvironments , i n c l u d i n g urban, r u r a l , indoor, and ou tdoor l o c a t i o n s whereexpo sure may be of s p e c i a l concern.
2. A program of s y s t e m a t i c s u r v e i l l a n c e shou ld be under taken to

de t e rmine the extent to which the occurrence of m e s o t h e l i o m a and l u n gcancer i s a s s o c ia t ed w i t h expo sure to a s b e s t i f o r m f i b e r s .
3. C e s s a t i o n of c i g a r e t t e smoking s h o u l d be encouraged in view of the

m u l t i p l i c a t i v e e f f e c t o f smoking and a s b e s t o s e xpo sure in increasing therisk f or l u n g cancer.
4. S t e p s should be taken to educat e b o th the medical p r o f e s s i o n and

the general p u b l i c concerning p o s s i b l e exposure s t o a s b e s t i f o r m f i b e r s andt h e r e s u l t i n g h e a l t h e f f e c t s .



The c o m m i t t e e a l s o made several recommendat ions concerning f u t u r e
research to resolve the many q u e s t i o n s about the h e a l t h ri sks of
n o n o c c u p a t i o n a l e xpo sur e t o a s b e s t i f o n n f i b e r s .

1. A s t a n d a r d i z e d t e r m i n o l o g y for a s b e s t i f o n n f i b e r s s h o u l d be
a d o p t e d . The t e r m i n o l o g y s h o u l d be based on m i n e r a l o g i c a l a n a l y s i s and
s hou ld d i s t i n g u i s h the s e f i b e r s f r o m o th er t y p e s o f p a r t i c l e s .

2. The various c h a r a c t e r i s t i c s of a s b e s t i f o r m f i b e r s or o th erp a r t i c l e s used in e x p e r i m e n t s s h o u l d be d e s c r i b e d as c o m p l e t e l y as
p o s s i b l e .

3. S t a n d a r d i z e d m e t h o d s f or measuring and c h a r a c t e r i z i n g a s b e s t i f o r m
f i b e r s s h o u l d be improved.

4. In vivo and in vi tro l a b o r a t o r y s t u d i e s w i t h a s b e s t i f o r m f i b e r sand n o n f i b r o u s s ub s tanc e s s h o u l d be c onduc t ed to i n v e s t i g a t e the p h y s i c o -
chemica l p r o p e r t i e s that a r e r e s p o n s i b l e f o r t h e b i o l o g i c a l e f f e c t s .

5 . C l i n i c a l s t u d i e s o f lung cancer, m e s o t h e l i o m a , and f i b r o s i s s h o u l d
be c on t inued w i t h e m p h a s i s on the p o s s i b l e role o f a s b e s t i f o r m f i b e r s .

6 . E p i d e m i o l o g i c a l s t u d i e s are needed to c l a r i f y f u r t h e r the rela-
t i o n s h i p s between e x p o s u r e t o f i b e r s a n d adverse h e a l t h e f f e c t s . T h e s e
s t u d i e s shou ld i n c l u d e ca s e- contro l s t u d i e s f o r m e s o t h e l i o m a a n d l u n g
cancer and p r o s p e c t i v e cohort s t u d i e s among p e r s o n s o c c u p a t i o n a l l y e x p o s e d
to m a t e r i a l s such as a s b e s t o s , a t t a p u l g i t e , and man-made mineral f i b e r s .

7. To improve risk a s s e s s m e n t s , s t u d i e s s h o u l d be c o n d u c t e d to
e l u c i d a t e the r e l a t i o n s h i p s be tween amount o f e xpo sure and time f a c t o r s
a n d t h e d e v e l o p m e n t o f adverse h e a l t h e f f e c t s .

S U M M A R Y O F T H E S T U D Y
Background

A s b e s t o s has been d e t e c t e d in both outdoor and indoor air, a l t h o u g halmost always at c onc en tra t i on s far below the s tandard e s t a b l i s h e d by theO c c u p a t i o n a l S a f e t y a n d H e a l t h A d m i n i s t r a t i o n ( O S H A ) f o r t h e w o r k p l a c e .S i n c e 1976 the w o r k p l a c e s t a n d a r d has been 2 f i b e r s / c m 3 for f i b e r slonger than 5 vm seen in a pha s e contras t l i g h t microscope under s p e c i f i e dc o n d i t i o n s . The general p o p u l a t i o n i s a l s o e x p o s e d t o other f i b r o u sm a t e r i a l s wi th some of the same p h y s i c a l p r o p e r t i e s as a s b e s t o s but whosee f f e c t s on h e a l t h are not we l l known. T h e s e m a t e r i a l s inc lude man-mademineral f i b e r s such as f i b r o u s g l a s s and mineral woo l , which are sometimesused as s u b s t i t u t e s for a s b e s t o s , as we l l as c er ta in natural a s b e s t i f o r mvar i e t i e s of minerals not marketed as a sbe s to s .
S o u r c e s of exposure to a s b e s t i f o r m f i b e r s may be r ough ly d i v i d e d intothree broad ca t egor i e s:



• n a t u r a l l y occurring a s b e s t i f o r m f i b e r s used c o m m e r c i a l l y , such as
a sbe s to s;

• c o m m e r c i a l l y used s y n t h e t i c f i b e r s w i th some p r o p e r t i e s s i m i l a r to !
those of a s b e s t o s ; and j

• n a t u r a l l y occurring t y p e s of a s b e s t i f o r m f i b e r s tha t are not used I
c o m m e r c i a l l y . |

iT h e r e is a s u b s t a n t i a l amount of d a t a on e xpo sur e s in the w o r k p l a c e , [
but very l i t t l e i n f o r m a t i o n on nonoc cupa t i ona l exposures. In the I
o c c u p a t i o n a l s e t t i n g , f o u r d i s e a s e s have been c l e a r l y a s s o c i a t e d wi th
exposures to asbestos. The s e are (1) lung cancer; (2) me so the l i oma, a \
rare but a l m o s t invar iab ly f a t a l cancer of the t i s s u e s tha t l ine the chest
cavi ty ( p l e u r a ! m e s o t h e l i o m a ) or th e abdominal cav i ty ( p e r i t o n e a l
m e s o t h e l i o m a ) ; ( 3 ) a s b e s t o s i s , a n o n m a l i g n a n t , p r o g r e s s i v e f i b r o s i s o f t h elung tha t may re sul t in severe d i s a b i l i t y and d e a t h ; and (4) nonmal ignant
p l e u r a l d i s e a s e , i n c l u d i n g d i f f u s e p l e u r a l th i ck en ing a n d e f f u s i o n s a n dthe f o r m a t i o n o f f i b r o u s and c a l c i f i e d p l a q u e s . The occurrence o f the s ef o u r d i s e a s e s in various o c c u p a t i o n a l s e t t i n g s and the presence ofa s b e s t i f o r m f i b e r s in the general environment led to current concern about
p o t e n t i a l h e a l t h e f f e c t s f r om nonoccupat ional exposures .

During the course of i t s s t u d y , the c o m m i t t e e was c o n f r o n t e d wi th
several d i f f i c u l t i e s :

• F i b e r s in the general o u t d o o r environment seem to d i f f e r in sizeand other p h y s i c o c h e m i c a l p r o p e r t i e s f r o m tho s e in the w o r k p l a c e ; however,
it is not easy to charac t e r i z e the se m a t e r i a l s . D i f f e r e n t t y p e s and
s a m p l e s o f f i b r o u s m a t e r i a l s vary g r e a t l y in th e i r p h y s i c a l p r o p e r t i e s ,
even when they are composed of the same mineral. T h e r e f o r e , it is
d i f f i c u l t t o d e v e l o p a c o n s i s t e n t m e t h o d o l o g y f o r d e t e r m i n i n g a n d
e x p r e s s i n g the c h a r a c t e r i s t i c s and concentrat ions of f i b e r s found in
d i f f e r e n t environments or used in l a b o r a t o r y s t u d i e s .

• Because most h e a l t h e f f e c t s d a t a are based on w o r k p l a c e e x p o s u r e s ,
i t i s nece s sary to e x t r a p o l a t e r e s u l t s f r o m r e l a t i v e l y high o c c u p a t i o n a l
c o n c e n t r a t i o n s t o th e much lower c onc en tra t i on s o f f i b e r s t y p i c a l l y f o u n do u t s i d e the workp lac e . A l t h o u g h the h e a l t h consequences are pr e sumab lys i m i l a r among workers and nonworkers, incidence rates would be e x p e c t e d tobe lower and the nonmalignant changes l e s s severe among personsn o n o c c u p a t i o n a l l y exposed to lower l eve l s o f asbes tos . T h u s , the e f f e c t swould be more d i f f i c u l t to d e t e c t .

• Other f a c t o r s a s s o c ia t ed w i t h the d i s e a s e s must be cons idered . For
exampl e! c i g a r e t t e smoking m u l t i p l i e s th e e f f e c t o f a sbe s t o s in causing
lung cancer.

• The mechanisms by which the f i b e r s produc e d i s e a s e are not wel lu n d e r s t o o d , nor is it c lear how the f i b e r s reach various p a r t s of thebody.



• The l e n g t h o f time f r o m i n i t i a l e x p o s u r e to the e x p r e s s i o n of
c e r ta in h e a l t h consequences i s o f t e n several d e c a d e s . T h u s , current
d i s e a s e i s the r e su l t o f p a s t e x p o s u r e s , whereas pre sent e xpo sur e s w i l l
p r o d u c e d i s e a s e on ly many years in the f u t u r e . Exposure in c h i l d h o o d may
increase the p o s s i b i l i t y o f u l t i m a t e damage to h e a l t h , because d i s e a s e can
occur l ong a f t e r ex t ernal e xpo sur e has ceased and more years o f l i f e
remain f o r c h i l d r e n .

T h u s , great u n c e r t a i n t y i s l i k e l y to a t t e n d any c o n c l u s i o n s drawn
about the re l evant f i b e r c h a r a c t e r i s t i c s and the h e a l t h risks that may
accompany e xpo sur e .

T h e c o m m i t t e e agreed tha t t h e m a j o r p o t e n t i a l f o r f u t u r e f i b e r -
a s s o c i a t e d h e a l t h p r o b l e m s i s p r o b a b l y p r e s e n t e d by i n h a l a t i o n e x p o s u r e s
to airborne f i b e r s rather than by the i n g e s t i o n o f the s e m a t e r i a l s , f or
e x a m p l e , in water. M o s t o f t h e c o m m i t t e e ' s a t t e n t i o n wa s t h e r e f o r ed e v o t e d t o airborne f i b e r s o f r e s p i r a b l e s i z e , that i s , t o f i b e r s l e s s
than a p p r o x i m a t e l y 3 ym in diameter .

The c ommi t t e e made q u a n t i t a t i v e risk a s s e s s m e n t s for lung cancer and
m e s o t h e l i o m a f r o m i n h a l e d a s b e s t o s , but i t did not a t t e m p t q u a n t i t a t i v e
ri sk a s s e s s m e n t s f o r o th e r cancers , f r o m i n h a l a t i o n o f o ther a s b e s t i f o r m
f i b e r s , or f r o m i n g e s t i o n o f a s b e s t i f o r m f i b e r s in water or f o o d .

M a t e r i a l s o f Concern
For p u r p o s e s o f t h i s r e p o r t , t h e term " a s b e s t i f o r m f i b e r s " i s used

b r o a d l y t o i n c l u d e bo th n a t u r a l l y o c curr ing and c e r ta in s y n t h e t i c
inorganic and carbon f i b e r s t h a t share some s p e c i f i c p h y s i c a l p r o p e r t i e s
w i th a s b e s t o s .

A s b e s t o s , the prime e x a m p l e o f an a s b e s t i f o r m m a t e r i a l , c o n s i s t s o f
th e c o m m e r c i a l l y marketed a s b e s t i f o r m v a r i e t i e s o f several s i l i c a t e
minera l s . T h e y are p r i m a r i l y c h r y s o t i l e , c r o c i d o l i t e , and the a s b e s t i f o r m
varie ty of some a m p h i b o l e minerals marketed as "amosite." C h r y s o t i l eaccounts for a p p r o x i m a t e l y 952 of the a s b e s t o s c u r r e n t l y so ld in theUnit ed S t a t e s . Because of i t s great s t r e n g t h , f l e x i b i l i t y , and heat
r e s i s t a n c e , a s b e s t o s came into ex t ens ive use during the 20th century fort e x t i l e s , thermal and e l e c t r i c a l i n s u l a t i o n , and h igh s t r e n g t h r e in for c e-
ment in such p r o d u c t s as v i n y l - a s b e s t o s f l o o r i n g and asbes tos-cement sheet
and p i p e . In 1982, the U n i t e d S t a t e s used a p p r o x i m a t e l y 6Z of the worldp r o d u c t i o n o f a sbe s to s .

F i v e basic p h y s i c a l p r o p e r t i e s d i s t i n g u i s h a s b e s t i f o r m f i b e r s f r o mother m a t e r i a l s . The presence of the s e p r o p e r t i e s g e n e r a l l y d e p e n d s onthe p h y s i c a l and chemical c o n d i t i o n s under which the f i b e r s grow. Comparedwi th a n o n a s b e s t i f o r m varie ty of the same mineral , the p r o p e r t i e s are:
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• micro s copi c , f i b e r l i k e dimensions and morpho l ogy , i.e., the f i b e r s

are much longer than wide;
• enhanced s t r e n g t h and f l e x i b i l i t y ;
• inverse r e l a t i o n s h i p between d i a m e t e r and s t r e n g t h , i.e., the

s m a l l e r the d i a m e t e r , the g r e a t e r the s t r e n g t h per unit c ro s s - s e c t i onal
area;

• enhanced p h y s i c a l and chemical d u r a b i l i t y ; and
• h igh q u a l i t y , r e l a t i v e l y d e f e c t - f r e e s u r f a c e s t ruc ture .
" H i g h q u a l i t y " f i b e r s have a l l the se p r o p e r t i e s t o a great e x t e n t ;"low q u a l i t y " f i b e r s p o s s e s s them to a l e s s e r ex t en t . The presence ofthese p r o p e r t i e s does not n e c e s s a r i l y i n d i c a t e that a mater ia l i s e i thercarc inogenic or f i b r o g e n i c . Because the s e p r o p e r t i e s are i n t e r d e p e n d e n t

and v a r i a b l e , n a t u r a l l y occurring a s b e s t i f o r m f i b e r s , even those composed
of the same m i n e r a l , have a range of p h y s i c a l c h a r a c t e r i s t i c s . In contras t
to f i b e r s in the w o r k p l a c e , it is not c u r r e n t l y p o s s i b l e to de termine the
sources of most f i b e r s in the ambient environment or the extent to which
the se f i b e r s have the above p r o p e r t i e s .

M i n e r a l o g i c a l terms p e r t a i n i n g t o a s b e s t i f o r m f i b e r s have somet imes
been used i n a c c u r a t e l y in s c i e n t i f i c r e p o r t s , i n c l u d i n g the l i t e r a t u r e on
b i o l o g i c a l e f f e c t s . As a r e s u l t , it may be i m p o s s i b l e to di scern the
c o m p o s i t i o n o f m a t e r i a l s s t u d i e d a n d e x t r e m e l y d i f f i c u l t t o draw
c o n c l u s i o n s about th e i r p h y s i c a l p r o p e r t i e s a n d b i o l o g i c a l e f f e c t s .

R e l a t i o n s h i p o f F i b e r C h a r a c t e r i s t i c s t o H e a l t h E f f e c t s
Variou s p h y s i c a l p r o p e r t i e s o f a s b e s t i f o r m f i b e r s a p p e a r t o p l a y arole in caus ing adverse h e a l t h e f f e c t s ; however, th e s p e c i f i c p r o p e r t i e sthat are necessary and s u f f i c i e n t to produc e such e f f e c t s have not beenp o s t i v e l y i d e n t i f i e d . F u r t h e r m o r e , it is not known whether the p r o p e r t i e sa s s o c i a t e d with a given e f f e c t , for e x a m p l e , lung cancer, are the same ord i f f e r e n t f r o m those a s s o c i a t e d with other e f f e c t s , such a s f i b r o s i s orme so th e l i oma. Some c h a r a c t e r i s t i c s that a p p e a r to be impor tant are

d i s c u s s e d below, in a p p r o x i m a t e l y d e s c e n d i n g order of the s t r e n g t h of thep o s i t i v e evidence.
R e s p i r a b i l i t y . F o r s i g n i f i c a n t h e a l t h e f f e c t s t o result f r o mi n h a l a t i o n of a s b e s t i f o r m f i b e r s , the f i b e r s must reach the lower p o r t i o n s

of the r e sp i ra tory tract where they cause the most damage. A l t h o u g h thel i m i t i n g u p p e r d iameter appear s to be about 3 urn, f i b e r s that are muchlonger than wide can p ene t ra t e d e e p l y in the r e s p i r a t o r y tract .
L e n g t h , Diameter, and A s p e c t Ratio ( i . e . , Ratio o f L e n g t h to D i a m e t e r ) .

E x p e r i m e n t s induc ing me s o th e l i oma in roden t s by i n j e c t i o n s of t e s tmaterial have indicated that l ong , thin f i b e r s y i e ld more tumors than do



short , thick f i b e r s . S a m p l e s with an overwhelming m a j o r i t y of f i b e r sshorter than 5 v m yie lded mesotheliomas in rats when in j e c t edin t raper i t onea l ly , but the pathogenic role of short f i b e r s , e sp e c ia l ly
those shorter than 3 ym, is unclear. F i b e r s longer than a p p r o x i m a t e l y10 ym cannot be c o m p l e t e l y e n g u l f e d and inac t iva t ed by macrophage s , and
they have tended to produce more disease in animal t e s t s than have theshorter f i b er s .

Other P r o p e r t i e s . The number of f i b e r s , which is al so correlated withs u r f a c e area, g enera l ly appear s to be a more relevant measure than mass indetermining p a t h o g e n l c i t y . Durabili ty also appear s to be a f a c t o r . Themore durable f i b e r s appear to be more pathogenic in some s tudie s thanf i b e r s that are less durable. The relevance of f i b e r sur face charge toe f f e c t s on human heal th remains to be d emons t ra t ed . Some experimentals t u d i e s have ind i ca t ed that s u r f a c e charge a p p e a r s to be involved inc y t o t o x i c i t y . A l t h o u g h chemical composi t ion is related to physical
p r o p e r t i e s of a s b e s t l f o r m f i b e r s , a direct role for chemical compositionper se in biological a c t i v i ty has not been demonstrated.

Measurement and Extent of Exposure
Measurement. I n f o r m a t i o n about a s b e s t i f o r m f i b e r s in the ambientenvironment, a l though scanty, ind i ca t e s that they d i f f e r f r o m those in theworkplace. D i f f e r e n t techniques for measuring the concentrations in thetwo environments have been used. The phase contrast l ight microscope hasbeen adequate for counting f i b e r s in the workplace. However, thattechnique has been less u s e f u l for the ambient environment, where f i b e r

i d e n t i t y and character are u sua l ly unknown; almost all f i b e r s are toosmall to be seen by l i g h t mi cro s c opy; and concentrat ions, expre s s ed asmass, are usually hundreds or thousands of times lower than those in theworkplace.
Data on workplace f i b e r concentrations are general ly given as numbersof f i b e r s longer than 5 ym, whereas data on ambient concentrationsobtained with transmission electron microscope techniques have usuallybeen expresseed as mass per unit volume. Subs tant ia l uncertainty may beintroduced in calculations that assume that ambient and workplaceexposure s d i f f e r only in f i b e r concentration. Furthermore , it is notusually p o s s i b l e to convert mass measurements to f i b e r concentrationsaccurately because the various conversion f a c t o r s that are used assumeparticular f i b e r dimensions, and these vary great ly with d i f f e r e n tenvironments and sampling techniques. During the early 1970s, massmeasurements of asbestos made in various U . S . cities ranged f r o m 1 to 100ng/m^. If we assume that 30 y g / m ^ is equivalent to 1 f iber/cm-^(counting f i b e r s longer than 5 ym through a light microscope), the massmeasurements in those cities would lead to an expected concentration of0.00003 to 0.003 asbestos f i b er s per cubic centimeter.
Extent of Exposure. In assessing the likelihood that individualswould be exposed to various a s b e s t i f o r m f i b e r s , the committee considered
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pat t erns of use; production or consumption l ev e l s ; f i b e r dimensions, i.e.,whether the f i b e r s are of r e s p i r a b l e size; and p o t e n t i a l for p o p u l a t i o nexposure. In many s i tua t i on s , the f i b e r s are t i g h t l y bound in a matrixduring produc t manufac tur e and, t h e r e f o r e , might be e x p e c t e d to producel i t t l e subsequent exposure.

In the U n i t e d S t a t e s , the annual use of a sbe s to s peaked in 1973 atalmost 800,000 metric tons, but decreased to a p p r o x i m a t e l y 250,000 metric
tons, or about 61 of world p r o d u c t i o n , in 1982. However , much of the morethan 30 mi l l i on metric tons of a sbe s to s used in the Unit ed S t a t e s since1900 is s t i l l pre s ent in its original a p p l i c a t i o n and p r o v i d e s a p o t e n t i a lf o r exposure.

A t t a p u l g i t e ( p a l y g o r s k i t e ) i s the only natural a s b e s t i f o r m materialused in the United S t a t e s in amounts greater than those of asbestos. Ofthe more than 700,000 metric tons used annual ly , most a p p e a r s to bec l a s s i f i a b l e as a s b e s t i f o r m . Most a t t a p u l g l t e f i b e r s are le s s than 5 vmlong and have diameter s of a p p r o x i m a t e l y 0.03 urn. Some uses of thismaterial could result in the release of f i b e r s , but the commit t e e f o u n d noreported measurements of a t t a p u l g i t e in ambient air.
S y n t h e t i c f i b e r s with some phys i ca l p r o p e r t i e s s imilar to those ofasbe s t o s inc lude man-made mineral f i b e r s , of which more than 1 mi l l i onmetric tons are produced annually in the U n i t e d S t a t e s . T y p i c a l d iame t e r sof most of these f i b e r s exceed the r e sp i rab l e size range, a l thoughdiame t er s of f i n e grades of f i b r o u s g la s s and some rock wool and s l a g wool

are mos t ly below 3 urn.
S o m e f i b r o u s erionite found in d e p o s i t s in the western U n i t e d S t a t e sf a l l s into the r e sp i rab l e size range. Mining and natural weathering ofth i s material could lead to s i g n i f i c a n t local air concentrations, but thecommittee did not f i n d any measurements of such concentrations. Moreover,the p o p u l a t i o n expo s ed is probab ly small .
Current U . S . consumption f i g u r e s and use p a t t e r n s indicate that f u t u r eexposure of the general p o p u l a t i o n to a t t a p u l g i t e and f i b r o u s g la s s isl i k e l y to be somewhat greater than exposure to chry so t i l e , whereasexposure to mineral wool, ceramic f i b e r s , other asbe s to s f i b e r s , andcarbon f i b e r s would be less. However, material already in p lac e wouldalso contribute to to tal exposure.

H e a l t h E f f e c t s M e t h o d o l o g y
To d e v e l o p an understanding of the heal th risks associated withexposure to environmental agents such as a s b e s t i f o r m f i b e r s , inves t igatorsu sua l ly evaluate data f r o m c l inical, e p i d e m i o l o g i c a l , and laboratorystudies. Clinical observations o f t e n provide the f i r s t suggestion thatexposure to a part i cu lar substance may cause an adverse health e f f e c t .Epidemio log i ca l s tudie s are then undertaken to a t t e m p t to conf irm thehypo th e s i z ed association and to q u a n t i f y it. Laboratory s tudie s of the
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re spons e in an imal s (in vivo) and in c e l l s growing o u t s i d e the body (inv i t r o ) can provide f u r t h e r in f o rmat i on . If a substance admini s t e r ed to
animal s p r o d u c e s p a t h o l o g i c a l e f f e c t s s i m i l a r t o those f o u n d in humans,
the case for its being a causa t ive agent in humans is s t r e n g t h e n e d . For
a sb e s t o s , the ma jor d i s e a s e s observed in humans have been p r o d u c e d in
animal s by e x p o s u r e to a s b e s t o s .

In v i t ro and in vivo s t u d i e s do not n e c e s s a r i l y a d e q u a t e l y r e f l e c t the
amounts or routes of e xpo sure s e xp er i enc ed by humans, nor do they takeinto account i n d i v i d u a l s u s c e p t i b i l i t i e s or other s u b s t a n c e s to which
p e o p l e might be e x p o s e d . T h u s , such s t u d i e s s h o u l d be e x t r a p o l a t e d to
humans only with great caution. E x c e p t for smoking, however, no environ-
mental or g e n e t i c f a c t o r s have been u n e q u i v o c a l l y shown to i n f l u e n c e the
chance that a per son w i l l d e v e l o p an a s b e s t o s - i n d u c e d d i s e a s e .

H e a l t h E f f e c t s o f A s b e s t o s
A p p e n d i x A of th i s report c on ta in s a c h r o n o l o g i c a l l i s t o f the m a j o r

f i n d i n g s a s s o c i a t i n g adverse h e a l t h e f f e c t s w i th e xpo sur e t o a s b e s t o s .
The f i r s t d i s e a s e t o b e a s s o c i a t e d w i th a s b e s t o s e xpo sur e was a s b e s t o s i s ,
which was f i r s t noted in the early 1900s. From 1938 to 1949, numerous
a u t o p s y r e p o r t s i n d i c a t e d that a h igh p r o p o r t i o n o f p er son s d y i n g o f
a s b e s t o s i s a l s o had lung cancer. In the 1950s, when the s harp increase in
lung cancer a t t r i b u t a b l e to smoking was occurring in the U n i t e d S t a t e s and
other i n d u s t r i a l n a t i o n s , e p i d e m i o l o g i s t s f o u n d that o c c u p a t i o n a l e xpo sure
to a sbe s to s a l s o increased the risk of lung cancer, e s p e c i a l l y among
c i g a r e t t e smokers. In the ear ly 1960s, the a s s o c i a t i o n wi th m e s o t h e l i o m a
was e s t a b l i s h e d among a s b e s t o s miners in S o u t h A f r i c a .

Lung Cancer. Expo sur e t o a s b e s t o s a p p e a r s t o increase a w o r k e r ' s
u n d e r l y i n g risk of g e t t i n g lung cancer as much as f i v e f o l d . S i n c e a
s m o k e r ' s risk o f g e t t i n g lung cancer i s a p p r o x i m a t e l y 10 t ime s g r e a t e r
than that of a nonsmoker, an a s b e s t o s worker who smokes has up to a
5 0 - f o l d grea t er chance of d y i n g f r o m lung cancer than does a nonsmoker who
doe s not work wi th a sbe s t o s . An increase in e x p o s u r e , e x p r e s s e d as con-
cen tra t i on of asbes tos and durat ion of exposure , a p p e a r s to increase thel ung cancer risk. E p i d e m i o l o g i c a l d a t a s u g g e s t that t h i s r e l a t i o n s h i p i s
l in ear; the d a t a do not ind i ca t e the presence of an exposure t h r e s h o l dbe low which there is no increased risk.

M e s o t h e l i o m a . A p p r o x i m a t e l y 1,600 cases of me so the l i oma occurred in
t h e U n i t e d S t a t e s dur ing 1980, a c c o r d i n g t o p r o j e c t i o n s f r o m casesreported in the 102 of the U . S . p o p u l a t i o n monitored by the N a t i o n a l
Cancer I n s t i t u t e ' s S u r v e i l l a n c e , E p i d e m i o l o g y , a n d E n d R e s u l t s ( S E E R )program. A l t h o u g h exposure to a s b e s t o s has been s t r o n g l y a s s o c ia t ed w i thmost meso the l ioma cases s t u d i e d , some cases may occur without apparent
a s b e s t o s exposure. The evidence does not e x c l u d e the p o s s i b i l i t y thatambient exposure to a s b e s t i f o r m f i b e r s was a s s o c ia t ed wi th m e s o t h e l i o m a s
for which exposure could not be d o c u m e n t e d . The percentage of workers
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wi th ro e s o th e l i oma has ranged f r o m 0 to 2Z among c h r y s o t i l e miners andc h r y e o t i l e t e x t i l e workers, but has been as high as 102 among workers whomanufac tured c r o c i d o l i t e - c o n t a i n i n g gas masks. The di s ease seems to beindep enden t of smoking but r e la t ed to dose and to time f r o m f i r s t exposure.

A s b e s t o s i s . All t y p e s of a s b e s t o s a p p e a r to be i m p l i c a t e d in the
d e v e l o p m e n t o f a s b e s t o s i s . Data i n d i c a t e tha t th e inc idence rate
increases and the d i s e a s e becomes more severe wi th increas ing du s t
e x p o s u r e , which is e x p r e s s e d as c o n c e n t r a t i o n of dust and d u r a t i o n of
expo sure . It i s not c l ear whe ther an expo sure t h r e s h o l d e x i s t s . Persons
in the e a r l y s t a g e s of t h i s c o n d i t i o n may be f r e e of s y m p t o m s , but beyonda c er ta in s t a g e the d i s e a s e seems ab l e to p r o g r e s s even in the absence of
f u r t h e r exposure.

P l e u r a l T h i c k e n i n g . Another nonmal ignant p a t h o l o g i c a l e f f e c t o f
a s b e s t o s exposure i s the f o r m a t i o n of f i b r o u s and sometimes c a l c i f i e dp l a q u e s and d i f f u s e th i ckening o f the p l e u r a l l i n i n g o f the chest cavity.
E f f u s i o n o f f l u i d into t h e p l e u r a l c a v i t y m a y a l s o occur. S u c h p l e u r a l
t h i c k e n i n g is s u g g e s t i v e of a s b e s t o s exposure but is rare ly a cause of
s i g n i f i c a n t , d i r e c t r e s p i r a t o r y impairment .

G a s t r o i n t e s t i n a l Cancer. Excess g a s t r o i n t e s t i n a l ( G I ) cancers havebeen f o u n d among some cohort s of a s b e s t o s workers, but the exces se s were
u s u a l l y s u b s t a n t i a l l y l e s s than f or lung cancer. Dose-re sponse d a t a are
not ava i lab l e . Recent animal f e e d i n g s t u d i e s have f a i l e d to demonstrate
a s b e s t o s induc t ion of GI cancers. Moreover, because of inherent
l i m i t a t i o n s in the e p i d e m i o l o g i c a l s t u d i e s , i n c l u d i n g the l i m i t e d sizes of
the exposed p o p u l a t i o n s and the lack of i n d i v i d u a l exposure d a t a , it has
not been p o s s i b l e to de t ermine f r o m these s t u d i e s the extent to which
there may be an a s s o c i a t i o n between GI cancers in humans and the pre sence
of a s b e s t i f o r m f i b e r s in d r i n k i n g water.

H e a l t h E f f e c t s o f N o n a s b e s t o s A s b e s t i f o r m F i b e r s
Some natural a s b e s t i f o r m substances other than asbes to s seem to haveb i o l o g i c a l e f f e c t s s imi lar to those o f asbes tos . For e x a m p l e , er ioni t e , af i b r o u s z e o l i t e , r ead i ly induces meso the l ioma in animal t e s t s , andp o p u l a t i o n s l iv ing in central Turkey, where it is present in volcanict u f f , are reported to have an excess incidence of lung cancer,m e s o t h e l i o m a , and pulmonary f i b r o s i s . As another e x a m p l e , e p i d e m i o l o g i c a ls t u d i e s are being conducted on workers expo s ed to a t t a p u l g i t e , but as yetthere are e s s e n t i a l l y no d a t a on humans i n d i c a t i n g whether it is toxicwhen inha l ed .
Exposure to man-made mineral f i b e r s is r e l a t i v e l y recent, and theo c c u p a t i o n a l exposure l e v e l s a p p a r e n t l y have not been as h igh as those forasbe s to s . Some e p i d e m i o l o g i c a l d a t a do s u g g e s t , however, that d i s ea s e s of

the re sp iratory t rac t , such as pulmonary f i b r o s i s and lung cancer, mayresul t f rom long-term occupat ional exposure to these f i b e r s .
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Evidence A s s o c i a t i n g F i b e r P r o p e r t i e s w i t h A d v e r s e H e a l t h E f f e c t s

A s b e s t o s and o ther a s b e s t i f o n n f i b e r s a p p e a r to react w i t h c e l l s in a
v a r i e t y o f ways. T h e y may a l t e r normal c e l l f u n c t i o n , they nay cause c e l l
d e a t h , or they may d i r e c t l y or i n d i r e c t l y a l t e r the g e n e t i c i n f o r m a t i o na n d t h e w a y c e l l s r e p l i c a t e . S t u d i e s o f c e l l s l i n i n g t h e r e s p i r a t o r y
p a s s a g e s s u g g e s t that a sb e s t o s may act as a promoter (in the
i n i t i a t o r / p r o m o t e r model o f c a r c i n o g e n e s i s ) . The in v i tro evidence that
a s b e s t o s can damage DNA d i r e c t l y or be mutagenic to genes or chromosomesis weak and inconc lu s ive .

L a b o r a t o r y s t u d i e s have not i d e n t i f i e d one t y p e of a s b e s t o s as being
more p o t e n t than o th e r s . In animal i n h a l a t i o n e x p e r i m e n t s , however,
a s b e s t o s g e n e r a l l y a p p e a r s to be more p a t h o g e n i c than most other
a s b e s t i f o n n f i b e r s t ha t have been t e s t e d . At p r e s e n t , none o f t h e
a v a i l a b l e in v i t r o m o d e l s can be used to q u a n t i f y the r e l a t i v e f i b r o g e n i c
or car c inogen i c p o t e n t i a l of a s b e s t i f o r m f i b e r s e i t h er in animals or in
humans. I n t e r p r e t a t i o n o f r e s u l t s i s h inder ed by th e f a i l u r e o f most
r e p o r t e d s t u d i e s t o d e f i n e t h e t e s t m a t e r i a l s p r e c i s e l y , by th e p a u c i t y o fe x p e r i m e n t s showing d o s e - r e s p o n s e i n f o r m a t i o n , and by the d i f f e r e n c e s in
response among s p e c i e s and c e l l t y p e s .

R e s u l t s o f s t u d i e s o f various g r o u p s o f workers i n d i c a t e that i t i s
e x t r e m e l y d i f f i c u l t t o a s s e s s t h e ro l e o f f i b e r t y p e ( e . g . , c h r y s o t i l e o r
c r o c i d o l i t e ) in d e t e r m i n i n g the r i sk for d e v e l o p i n g e i ther lung cancer or
m e s o t h e l i o m a . A n a l y s i s o f t h e e p i d e m i o l o g i c a l s t u d i e s i s c o m p l i c a t e d
because o f var ia t i on s in t y p e o f i n d u s t r y , t h e d iverse f i b e r
c h a r a c t e r i s t i c s w i th in an i n d u s t r y , and the usual inadequacy of exposure
d a t a . Some o f the a p p a r e n t d i s c r e p a n c i e s may be e x p l a i n e d by d i f f e r e n c e s
in p h y s i c a l p r o p e r t i e s o f th e f i b e r s , t h e i r c o n c e n t r a t i o n s , and the ir
c h a r a c t e r i s t i c s i n t h e d i f f e r e n t environment s . T h e s e p o s s i b i l i t i e s need
f u r t h e r t e s t i n g .

Risk Ass e s smen t s
In g e n e r a l , three s t e p s are nece s sary b e f o r e one can as se s s h e a l t h

risk f r o m environmental e xpo sur e s : d e t e r m i n a t i o n tha t a mat er ia l i s t o x i ca n d i d e n t i f i c a t i o n o f adverse e f f e c t s ; d e t e r m i n a t i o n o f do s e-r e spons er e l a t i o n s h i p s ; and de t erminat ion of the extent of exposure. At l eas t somet y p e s o f a s b e s t i f o r m f i b e r s are t ox i c and have i d e n t i f i a b l e adverse h e a l t he f f e c t s . However, f ew occupat ional s t u d i e s have demonstrated dose-re sponse r e l a t i o n s h i p s , and there i s great v a r i a b i l i t y among tho s e fews t u d i e s . E s t i m a t e s o f exposure o u t s i d e th e w o r k p l a c e ar e p a r t i c u l a r l yd i f f i c u l t to o b ta in , and it is the risk f r o m such exposure that is thef o c u s o f th i s r e p o r t .
Other f a c t o r s that in troduc e u n c e r t a i n t y into ri sk as s e s sment s f ornonoccupational exposures i n c l u d e a s sumpt ions about the magnitude ofe f f e c t s a t low d o s e s ; d i f f e r e n c e s in the c h a r a c t e r i s t i c s o f f i b e r s in the



14
o c c u p a t i o n a l and n o n o c c u p a t i o n a l env ironment s , e s p e c i a l l y r e g a r d i n g sizeand c o m p o s i t i o n ; and d i f f e r e n c e s in the p o p u l a t i o n s e x p o s e d , age at onset
of e x p o s u r e , and d u r a t i o n o f exposure.

In t h i s r e p o r t , risk a s s e s s m e n t s ar e l i m i t e d p r i m a r i l y t o m e s o t h e l i o m a
and l u n g cancer as end p o i n t s and to i n h a l a t i o n as the route of expo sure .
F o r a s b e s t o s , s u f f i c i e n t i n f o r m a t i o n w a s a v a i l a b l e f o r t h e c ommit t e e t omake q u a n t i t a t i v e e s t i m a t e s — a l b e i t w i t h great u n c e r t a i n t y — o f t h e risk
f o r l u n g cancer o r m e s o t h e l i o m a a f t e r i n h a l a t i o n e xpo sure . T h e s e r i sk
a s s e s s m e n t s were c o n d u c t e d f or a "genera l i z ed" a s b e s t o s e x p o s u r e , ra th erthan f o r e x p o s u r e t o a s p e c i f i c t y p e o f a s b e s t o s . H o w e v e r , t h e c o m m i t t e eassumed that t h e r i sk e s t i m a t e s wou ld a l s o a p p l y i f c h r y s o t i l e were t h e
p r i m a r y agent o f e xpo sure . F o r t h e o t h e r t y p e s o f f i b e r s c o n s i d e r e d , t h ec o m m i t t e e made c o m p a r a t i v e , i.e., q u a l i t a t i v e , r i sk a s s e s s m e n t s t h a t were
s u b j e c t t o ye t g r e a t e r u n c e r t a i n t y .

For t h e q u a n t i t a t i v e r i sk a s s e s s m e n t , t h e c o m m i t t e e c o n c l u d e d tha t t h e
e p i d e m i o l o g i c a l d a t a s u p p o r t e d t h e u s e o f a l i n e a r , no- thre sho ld m o d e l .
Dose-re spons e d a t a f r o m w o r k p l a c e s t u d i e s were used in d e v e l o p i n g thee q u a t i o n s . T o e s t i m a t e n o n o c c u p a t i o n a l e x p o s u r e s , measurements o f t h emass of a s b e s t o s in the ambient environment were converted to the number
of f i b e r s l onger than 5 ym t h a t w o u l d have been f o u n d in the w o r k p l a c e ata s i m i l a r mass c oncentra t i on .

T h e s e measured c o n c e n t r a t i o n s i n d i c a t e d t o th e c o m m i t t e e t h a t0.0004 f i b e r s / c m 3 was a r ea sonab l e l e v e l to use in the ri sk a s s e s s m e n t .
H o w e v e r , there c o u l d be s p e c i f i c c i r c u m s t a n c e s , such as s choo lrooms w i t h
f l a k i n g a s b e s t o s , where p er s on s a r e e x p o s e d t o h i g h e r l e v e l s f o r l i m i t e dp e r i o d s . If a person were to i n h a l e air c o n t a i n i n g a s b e s t o s at an average
o f 0.0004 f i b e r s / c m ^ throughou t a 73-year l i f e t i m e , t h e c o m m i t t e e ' s beste s t i m a t e i s t ha t th e l i f e t i m e risk o f m e s o t h e l i o m a would b e a p p r o x i m a t e l ynine in a m i l l i o n (range 0 to 350 per m i l l i o n , d e p e n d i n g on a s s u m p t i o n s
r e g a r d i n g t h e r e l a t i o n s h i p o f do s e t o r i s k ) . T h e c o r r e s p o n d i n g l i f e t i m eri sk for l u n g cancer would be about 64 in a m i l l i o n for male smokers(range 0 to 2 9 0 ) , 23 in a m i l l i o n for f e m a l e smokers (range 0 to 110), and
6 and 3 in a m i l l i o n for male and f e m a l e nonsmokers, r e s p e c t i v e l y .

The risk for me s o th e l i oma i s greater than that for lung cancer among
nonsmokers because of the s t r o n g d e p e n d e n c e of m e s o t h e l i o m a risk on timesince f i r s t exposure. Occupa t i ona l s t u d i e s i n d i c a t e tha t me s o th e l i omau s u a l l y f i r s t a p p e a r s about 20 years a f t e r onset o f w o r k p l a c e e xpo sure s ;and that the incidence increases r a p i d l y t h e r e a f t e r . The c a l c u l a t i o n s t
sugge s t that a given exposure to a s b e s t o s in c h i l d h o o d m a r k e d l y increases >the l i f e t i m e risk of me s o th e l i oma compared w i th an equivalent dose la t er . ;

The risk e s t i m a t e s remain uncertain, e s p e c i a l l y because they are basedon the a s s u m p t i o n that the d a t a on o c c u p a t i o n a l expo sure s are t r a n s f e r a b l e
to the nonoccupational s i tuat ion. S m a l l e r f i b e r size in the ambientenvironment would p r o b a b l y tend to l ead to lower risk.

The c omparat ive or q u a l i t a t i v e risk a s s e s smen t s for the other
a s b e s t i f o r m f i b e r s were based on c h r y s o t i l e and lung cancer as theba s e l in e case. P o p u l a t i o n r i sk f or p a r t i c u l a r f i b e r s wa s compared w i th
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t h e p o p u l a t i o n risk f or lung cancer f r o m c h r y s o t i l e . In making
c o m p a r a t i v e ri sk a s s e s s m e n t s , the c o m m i t t e e c o n s i d e r e d such f a c t o r s a s
r e s p i r a b i l i t y , b i o d i s p o s i t i o n , and i n t r i n s i c t o x i c i t y a s th ey are r e l a t e d
to p o p u l a t i o n e xpo sur e s and to i n d i v i d u a l risk. The m a t e r i a l s c on s id e r ed
were c r o c i d o l i t e , other a s b e s t o s f i b e r s a s a g r o u p , a t t a p u l g i t e , f i b r o u s
g l a s s , mineral woo l , ceramic f i b e r s , and carbon f i b e r s . ( A p p e n d i x H o f
t h i s r epor t p r e s e n t s t h e q u a l i t a t i v e a s s e s s m e n t s f o r each s u b s t a n c e . )

The r i sks for d e v e l o p i n g lung cancer or m e s o t h e l i o m a as a r e s u l t o f
e xpo sur e to the o ther m a t e r i a l s c o n s i d e r e d by the c o m m i t t e e were u s u a l l y
much lower than t ho s e f or c h r y s o t i l e , p r i n c i p a l l y because o f a l ower
p o t e n t i a l f or airborne e x p o s u r e or because the f i b e r s are l e s s
r e s p i r a b l e — n o t because t h e i r i n t r i n s i c t o x i c i t y i s n e c e s s a r i l y l e s s . F o re x a m p l e , bo th ceramic and carbon f i b e r s can be f o u n d in r e s p i r a b l e s ize
ranges and may have some b i o l o g i c a l p r o p e r t i e s s i m i l a r to tho s e of
a s b e s t o s , bu t p r o d u c t i o n and o p p o r t u n i t i e s f o r e xpo sur e ar e low, a l t h o u g hi n c r e a s i n g . T h e m a t e r i a l s w i th p o t e n t i a l l y g r e a t e s t impac t a r e f i b r o u s
g l a s s and a t t a p u l g i t e because o f t h e i r current large p r o d u c t i o n volume andex t en s iv e use.



1I n t r o d u c t i o n

A s b e s t o s - a s s o c i a t e d d i s ea s e s g e n e r a l l y have been r e l a t e d to
o c c u p a t i o n a l e x p o s u r e s , such as those e x p e r i e n c e d by some miners ,
i n s u l a t o r s , a n d f a c t o r y workers ( D o l l , 1 9 5 5 ; G l o y n e , 1935, 1951;M e r e w e t h e r , 1930; S e l i k o f f , 1 9 7 9 ; S e l i k o f f e t â ., 1964; W a g n e r e£ a l _ . ,
1 9 6 0 ) . R e c e n t l y , however, there has been concern tha t e x p o s u r e s toa s b e s t o s and r e l a t e d f i b e r s may pr e s en t a h e a l t h hazard to the general
p u b l i c . A s b e s t o s h a s been w i d e l y used i n t h e U n i t e d S t a t e s f o r b u i l d i n g
m a t e r i a l s and in other a p p l i c a t i o n s . C o n s e q u e n t l y , there is exposure toa s b e s t o s f r o m many p o s s i b l e s o u r c e s — i n some s c h o o l s and o ther p u b l i c and
p r i v a t e b u i l d i n g s , in ambient air , l and in d r i n k i n g water ( N a t i o n a l
Research C o u n c i l , 1983; S e b a s t i e n e j t a_l., 1982; U . S . Environmental
P r o t e c t i o n A g e n c y , 1980).

Because a s b e s t o s and o ther a s b e s t i f o r m f i b e r s ^ a p p e a r to b e
u b i q u i t o u s , v i r t u a l l y everybody i s e x p o s e d t o some e x t e n t . During
a u t o p s y , a s b e s t o s f i b e r s have been d e t e c t e d in the l u n g s o f most urban
r e s i d e n t s s t u d i e d ( C h u r g and W a r n o c k , 1977; Langer e_t a_l., 1971; P o o l e y
e£ £ .̂, 1970; W a g n e r e_£ ajL , 1982). However , r epor t ed c onc en tra t i on s of
asbe s t o s in urban air are u s u a l l y c o n s i d e r a b l y be low the current U . S .
o c c u p a t i o n a l s t a n d a r d o f 2 f i b e r s / c m ^ .

Expo sur e o f the p u b l i c i s p a r t i c u l a r l y worrisome because the
p o p u l a t i o n s involved are l arge and i n c l u d e u n h e a l t h y per sons . Moreover ,exposure may begin in c h i l d h o o d , l e a v i n g a l o n g e r time for d e v e l o p m e n t o f
adverse e f f e c t s . F u r t h e r m o r e , a s b e s t o s may enhance th e car c inogen i c
e f f e c t s o f o ther m a t e r i a l s . T h e r e i s l i t t l e i n f o r m a t i o n about t h e h e a l t h
e f f e c t s o f most nonoc cupa t i ona l expo sure s t o these f i b e r s .

D e s p i t e many e p i d e m i o l o g i c a l s t u d i e s of workers and exper imenta l
s t u d i e s on animals , ques t ions remain about which p r o p e r t i e s of a s b e s t o sare r e s p o n s i b l e for the adverse h e a l t h e f f e c t s and which c o n d i t i o n s of

1Ambient air i s o u t s i d e air to which the p u b l i c i s e x p o s e d ( U . S .Environmental P r o t e c t i o n A g e n c y , 1982b).
2 T h e s e i n c l u d e a s b e s t o s and other f i b e r s w i t h some of the same p h y s i c a lp r o p e r t i e s as a sb e s t o s .
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exposure are most l i k e l y to lead to such e f f e c t s . C e r t a i n o th er natural
mineral f i b e r s , as we l l as man-made minera l f i b e r s somet imes used as
s u b s t i t u t e s f or a s b e s t o s and f or o ther p u r p o s e s , might have s i m i l a r
d e l e t e r i o u s e f f e c t s ( A r t v i n l i a n d Baris , 1983; S t a n t o n , 1974; W o r l d
H e a l t h O r g a n i z a t i o n , 1983).

T h e term "asbestos" r e f e r s t o t h e f i b r o u s f o r m o f several s p e c i f i c
s i l i c a t e minera l s that have been used c o m m e r c i a l l y . Because o f i t s h igh
t e n s i l e s t r e n g t h , f l e x i b i l i t y , and r e s i s t a n c e t o heat and chemical
a t t a c k , a s b e s t o s i s used in many p r o d u c t s , i n c l u d i n g a sb e s t o s - c ement
p i p e s , i n s u l a t i o n , f r i c t i o n m a t e r i a l s , a n d f l o o r i n g a n d r o o f i n g t i l e s
( S u t a a n d Levine, 1 9 7 9 ) .

T h e c o n s u m p t i o n o f a s b e s t o s i n t h e U n i t e d S t a t e s h a s g r e a t l y
increa s ed d u r i n g t h i s c e n t u r y ( S e l i k o f f a n d Lee , 1978). Annual U . S .
c on sumpt i on peaked at about 800,000 metr i c tons in 1973 and 1974, but in
1982 it d r o p p e d to 250,000 metr i c t o n s , or about 62 of wor ld p r o d u c t i o n
( U . S . Bureau o f M i n e s , 1978, 1983). F i g u r e 1-1 shows U . S . a s b e s t o s
c o n s u m p t i o n by year s ince 1890 and c u m u l a t i v e c o n s u m p t i o n since 1905.
The m i l l i o n s o f tons o f a s b e s t o s a l r e a d y in p l a c e p r o v i d e an ongo ing
p o t e n t i a l hazard to workers and the p u b l i c .

T h e most serious h e a l t h e f f e c t s a s s o c i a t e d wi th exposure t o a s b e s t o sa r e l u n g cancer, m e s o t h e l i o m a ( a n a l m o s t i n v a r i a b l y f a t a l f o r m o f
c a n c e r ) , and a s b e s t o s i s (a noncancerous but d e b i l i t a t i n g and s o m e t i m e s
f a t a l d i s e a s e ) . In a d d i t i o n , o ther nonroalignant lung changes have been
d o c u m e n t e d . A p p e n d i x A d e s c r i b e s th e c h r o n o l o g y o f th e m a j o r observa-
t ions document ing the r e l a t i o n s h i p be tween a s b e s t o s exposure and d i s ea s e .

Person s e x p o s e d to a s b e s t o s n o n o c c u p a t i o n a l l y can be at increased
risk of c o n t r a c t i n g these a s b e s t o s - a s s o c i a t e d d i s ea s e s . In one of the
f i r s t s t u d i e s l i n k i n g a s b e s t o s e xpo sure a n d m e s o t h e l i o m a , t h e d i s e a s e w a s
f o u n d among r e s i d e n t s o f a mining area in S o u t h A f r i c a . T h e s e s u b j e c t s
had p r e s u m a b l y i n h a l e d the ma t e r ia l in the s u rround ing air ( W a g n e r et
a l . , 1960). I n ano ther s t u d y , p er s on s l i v i n g i n h o u s e h o l d s w i th a s b e s t o s
f a c t o r y workers in New J e r s e y were repor t ed to be at increased risk of
a s b e s t o s - a s s o c i a t e d d i s e a s e ( A n d e r s o n e_t a.1., 1 9 7 9 ) .

The d i s e a s e s u s u a l l y become evident c l i n i c a l l y 20 to 40 years a f t e ri n i t i a l e x p o s u r e , and may occur even in the absence of continued
exposure. T h u s , many current cases of d i s e a s e s a s s o c i a t e d wi th a sbe s to s
expo sure are p r i m a r i l y the r e s u l t o f o c c u p a t i o n a l e x p o s u r e s t ha t thei n d i v i d u a l s experienced many years ago. It has been e s t imat ed that up to
several hundred thousand exces s d e a t h s c ou ld r e s u l t over the next few
d e c a d e s f r o m such exposures a l r e a d y exper i enced ( H o g a n and H o e l , 1981;
N i c h p l s o n e£ a±., 1982; W a l k e r e_t a±., 1983). R e s u l t s of current
expo sure s would be m a n i f e s t e d as d i s ea s e in the f u t u r e .

Because o f the l ong l a t e n t p e r i o d , i t i s d i f f i c u l t to r e cons truc texposure h i s t o r i e s . Moreover, variat ions in p a r t i c l e size and in other
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p r o p e r t i e s o f a s b e s t l f o r m f i b e r s may lead to d i f f e r e n t degrees o f hea l thrisk f r o m a p p a r e n t l y s imilar exposure. The e f f e c t s o f exposure t o thef i b e r s may also be m o d i f i e d by other f a c t o r s , such as smoking.

C O N C U R R E N T N A T I O N A L R E S E A R C H C O U N C I L A N D G O V E R N M E N T A C T I V I T I E S
R E L A T E D T O A S B E S T O S

W h i l e thi s c ommit t e e carried out i t s ta sk , numerous other e f f o r t s
were under way to coordinate government a c t i v i t i e s and to summarize andi n t e r p r e t f i n d i n g s concerning t h e h e a l t h e f f e c t s o f asbes tos . T h e U . S .Environmental P r o t e c t i o n Agency (1982a, 1983) issued r e p o r t i n g require-ments related to asbe s to s in schools and r e a f f i r m e d its interest inl i m i t i n g the amount of a sbe s to s used in certain a p p l i c a t i o n s . In 1983t h e E F A , t h e Occupat ional S a f e t y a n d H e a l t h A s s o c i a t i o n ( O S H A ) , a n d t h eConsumer Product S a f e t y Commission (CPSC) f o r m e d an interagency taskf o r c e on a sbe s to s to coordinate i n f o r m a t i o n - g a t h e r i n g and r egu la t orye f f o r t s concerning asbe s to s among the three agencies. For e x a m p l e ,OSHA has for several years considered revising the permiss ible exposurel imi t for a sbe s to s in the workplace . In 1976 the s tandard became2 f i b e r s / c m ^ . An a sbe s to s f i b e r for counting p u r p o s e s means ap a n i c u l a t e that has a phys i ca l dimension longer than 5 urn and a l ength-t o-d iamet er rat io o f 3:1 or greater ( U . S . N a t i o n a l I n s t i t u t e f orOccupat ional S a f e t y and H e a l t h , 1977, 1980). In early November 1983,OSHA issued an emergency t emporary s tandard lowering the p ermi s s i b l eexposure limit to 0.5 f i b e r s / c m ^ ( U . S . Occupational S a f e t y and H e a l t hA d m i n i s t r a t i o n , 1983), but a s tay on the t e m p o r a r y s tandard was grantedl a t e r in the month.

A s b e s t o s as a hea l th hazard was considered by the Chronic H a z a r dA d v i s o r y Panel (CHAP) on A s b e s t o s , which was f o r m e d in January 1983 by
t h e C P S C (Consumer Product S a f e t y A c t , 1981; U . S . Consumer Product S a f e t y
Commis s ion, 1982, 1983). The panel was composed of persons nominated bythe N a t i o n a l A c a d e m y o f Science s . Its m a j o r purpo s e was to provideadvice to CPSC on the risks of cancer associated with exposure toasbes tos . The N a t i o n a l Research Council (NRC) has also engaged inseveral a c t i v i t i e s related to asbestos. One was an analysis of datare la t ed to asbe s to s in drinking water, which was part of a s tudyconducted by the NRC S a f e Drinking W a t e r Commit t e e ( N a t i o n a l ResearchCounci l , 1983). The Commit t e e on N o n o c c u p a t i o n a l H e a l t h Risks ofA s b e s t i f o r m F i b e r s was able to draw upon the f i n d i n g s of the CHAP and NRCreport s and on other d r a f t documents.

Another NRC ac t iv i ty is an ongoing s t u d y to i d e n t i f y and solveproblems related to asbestos exposure in f ed era l buildings. T h i s reportis being prepared by the Federal Construct ion Council Consul t ingCommit t e e on Asbe s t o s under the NRC Advi s ory Board on the BuiltEnvironment ( N a t i o n a l Research Council, In pre s s).
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T H E C O M M I T T E E ' S A P P R O A C H

To s t u d y th e heal th e f f e c t s o f nonoccupational exposure t oa s b e s t i f o r n f i b e r s , this committee took as its overview a "chain of
events" d e p i c t e d in F i g u r e 1-2. T h i s f i g u r e shows that f i b e r s may occurnatura l ly or be synthes ized and that exposure of humans may result f r o mei ther commercial or environmental "f lows." T h e s e human exposures maythen lead to b i o l og i ca l reactions and adverse heal th e f f e c t s .

W h i l e recognizing the d i f f i c u l t i e s involved in i n t e r p r e t i n g d a t a
re la t ed t o h ea l th e f f e c t s o f a s b e s t i f o r m f i b e r s , th e committee considered
the f o l l o w i n g questions:

1. What are the ma jor sources of nonoccupational exposure to
a s b e s t i f o r m f i b e r s , and how great are such exposures?

2. Which p r o p e r t i e s of the f i b e r s seem to be most c l o s e ly as sociatedwith adverse hea l th outcomes? T h e s e p r o p e r t i e s may include l eng th ,d i a m e t e r , chemistry, s t r e n g t h , d u r a b i l i t y , mass, and sur facecharacter i s t i c s .
3. Is it p o s s i b l e to d i s t i n g u i s h d i f f e r e n t l evel s of carcinogenic-and f l b r o g e n i c risks among the d i f f e r e n t t y p e s of asbestos f i b e r s ? Thequestion is d i f f i c u l t to addr e s s by either e p i d e m i o l o g i c a l or laboratorys t u d i e s , because v ir tua l ly all sample s of f i b e r s contain a range of f i b e rsizes and other f i b e r charac t er i s t i c s may d i f f e r among the variouss tud i e s . T h u s , i t i s d i f f i c u l t t o r e la t e observed e f f e c t s t o s p e c i f i ct y p e s o f par t i c l e s .
4. To what extent can the data on occupational exposures be used tod e v e l o p risk e s t imate s for the general pub l i c? j
In order to respond to its charge f r o m EPA, the committee consideredvarious routes of exposure, but placed emphasi s on the inhalation route.To e luc idate the relevant proper t i e s of the f i b e r s re spons ib le for the jadverse health e f f e c t s , i t evaluated p h y s i c a l , e p i d e m i o l o g i c a l , andt o x i c o l og i ca l data related to a s b e s t i f o r m f i b e r s . It also e s t imated theheal th risk for certain p o p u l a t i o n s under various as sumptions of Iexposure. Although many of the data reviewed in this s tudy concern jasbe s to s , the committee has drawn conclusions that encompass other 'f i b r o u s materials as well.
The committee has not carried out an exhaustive review of thel i t erature, but has concentrated instead on those data that are most irelevant to the charge. It found many excellent reviews and col lec t ions tof art ic le s related to asbestos.and other f i b rou s materials that have |appeared in recent years. Among the documents that were most useful Jduring the course of this s tudy were those prepared by S e l i k o f f and Lee(1978), Wagner (1980), Craighead and Mossmart (1982), W a l t o n (1982), and •papers f r o m a conference on bio logical e f f e c t s of man-made mineral
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f i b e r s , which was held in Copenhagen in A p r i l 1982. Hie pro c e ed ing s ofthat conference have been summarized by the W o r l d H e a l t h Organization(1983).

The succession of chapter s in this report r e f l e c t s a logical sequencefor pursuing this s t u d y . F i r s t , t h e commit tee d e f i n e d th e kinds o fmater ia l s it was cons ider ing and described some of their proper t i e s . Itthen assessed exposure to these material s . Its next s t e p was to considerthe various ways of de termining the amounts of f i b e r s both in theworkplace and in the ambient environment and to evaluate e p l d e m i o l o g i c a land laboratory data . F i n a l l y , i t in t egra t ed data f r o m exposure,e p l d e m i o l o g i c a l and laboratory s tud i e s in order to make quant i ta t ive and
comparative risk as se s sments .
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2A s b e s t i f o r m F i b e r s :H i s t o r i c a l Background, T e r m i n o l o g y ,and Physicochemical Proper t i e s
Unlike many environmental substances that are d i s c r e t e e n t i t i e sd e f i n a b l e by a f i x e d chemical s tructure, a s b e s t i f o n n f i b e r s c ompri s e agroup of m a t e r i a l s that are les s ea s i ly d e f i n e d . T h e y have a broad rangeof chemical c o m p o s i t i o n s and crystal s t ruc ture s , s izes , s hape s , andp r o p e r t i e s , and have been described with diverse t erminology. T h e s ef a c t o r s have led to some d i f f i c u l t i e s in s t u d y i n g and c l a s s i f y i n g thee f f e c t s o f these mater ial s over the years. T h i s chap t er provide s a briefhi s torical overview of a sbe s to s use, d e f i n e s some of the mineralogicalterms r e la t ed to a sbe s t o s and other a s b e s t i f o r m f i b e r s , de scribe s thephys i ca l p r o p e r t i e s that characterize these f i b e r s , and then d i s cu s s e s

the biological relevance of the various physicochemical proper t i e s .
As used in th i s r e p o r t , the term a s b e s t i f o r m f i b e r s inc lude s f i b e r s

that po s s e s s great s t r e n g t h and f l e x i b i l i t y , d u r a b i l i t y , a s u r f a c estructure r e l a t i v e l y f r e e o f d e f e c t s , and several other p r o p e r t i e sdescribed la t er . Commercial q u a l i t y a sb e s t o s is an e xampl e of ana s b e s t i f o r m f i b e r .

A S B E S T O S I N H I S T O R Y
In some ways a s b e s t o s resembles organic m a t e r i a l , such as hair orc o t t o n , more than it resembles minerals. Some ancient p h i l o s o p h e r sa p p a r e n t l y had d i f f i c u l t y d e c i d i n g whether a sb e s t o s should be considereda plant or a stone. Plinius (77 A . D . ) compromised and re f erred toasbestos as "linum vivum" (durable l inen). He p o s t u l a t e d that it wasor ig inal ly a p lant that a d o p t e d part ia l mineralogical p r o p e r t i e s tosurvive at high temperatures .
A s b e s t o s has been used at least f r o m the beginning of recorded

his tory. The Egyp t ian s used asbes tos as embalming c l o th; the Romans usedit for cremation wrappings and for everlas t ing wicks in the lamps of theV e s t a l Virgins . Charlemagne is s u p p o s e d to have had an asbe s to s table-c lo th that he cleaned a f t e r f e a s t s by t o s s ing it into the f l a m e s of af i r e p l a c e . Marco Polo reported that asbe s to s c l o th ing was used InChina. In 1647, de Boot gave a recipe for a "miraculous asbestosointment" to cure various i n f e c t i o u s skin disease s ( F i g u r e 2-1).
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Ex A mianto l in imentum ad tineam pucrorum,&ad ulccca t i b ia iu m i c a c u l o f u m fi t f cqucnr i mo*J Q . A c c i p i u n t u r Amianri unc.quatuor, p l u m b i• ' • < i • *• . tuneii i l . t i H i x u n c t a r d u z . a c c a l a n a n t u r , dc indc. »<• * *p u l v c r i f a u m vitro macerantur cumaccto,ac quo*t i d i c p er m e n f e i n materia agi tatur f c m c l j p o f t mcn-
fcm cbu l l i cnda eft unius horx quadrante, ac quic-/ c e r e f i n i t u r > d o n e e i n d a r e f c a t : d c i n d c i l l i u s accticJari q u a n t i t a s , cum pari quant i ta t c olei r o fa c c i ,
m i f c c t u r , donee bona f i a t u n i o l in iment i forma: eoi m m g i t u r c.tput p t i c r i t o t u n i ut cito ianctur: ad fca-bicm> & ulccra nbiarum v e f p e r i partcs ungtmtur,donee fmentur . Si l a p i s hie cum aqua vita:, & fac- r*-charo f o l v a r ur.ac cxigua porrio mane quoridicmu-licri albo m c n f t r u o laboranti dctur,mox fanatur. latjtrim.

F I G U R E 2-1. d e B o o t ' s r e c ip e f r o m 1647 f o r a n a sb e s t o s o in tment .
R o u g h l y t r a n s l a t e d , i t s t a t e s : M u l t i p l e a p p l i c a t i o n ,
miracu l ou s a s b e s t o s o intment f o r j u v e n i l e "tinea"
( h e a d - f u n g u s ? ) and shinbone ( s k i n ? ) ulcer. Take 4 oza s b e s t o s , 12 oz l e a d ( o x i d e ? ) , 2 oz zinc o x i d e , and
c a l c i n a t e . T h e r e u p o n p u l v e r i z e into g l a s s whi le a d d i n gvinegar, and a g i t a t e i t d a i l y for a month. A f t e r a month,boil it for a quarter hour and let it cure un t i l it becomes
c l ear . T h e r e a f t e r , add some v inegar , mix i t w i t h r o s e - p e t a l
oil u n t i l it becomes a homogeneous o intment. . . . F r o mZ o l t a i , 1978.

M o s t o f these and other ear ly a p p l i c a t i o n s of a s b e s t o s were rela-
t i v e l y i s o l a t e d e x a m p l e s . A s b e s t o s was not a v a i l a b l e in large enoughamounts for w ide spr ead use until the extensive Canadian d e p o s i t s were
discovered l a t e in the 19th century. S u b s e q u e n t l y , a s b e s t o s came intowide use for i n s u l a t i o n , r e in f or c ement of t i l e s and cements, and as an
absorbent, th i ckener , and f i l l e r .

M I N E R A L O G I C A L T E R M I N O L O G Y
B e f o r e d i s c u s s i n g t h e p r o p e r t i e s a s s o c i a t e d wi th a s b e s t i f o r m f i b e r s ,a few d e f i n i t i o n s are p r o v i d e d . A MINERAL is u s u a l l y d e f i n e d as a
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n a t u r a l l y occurring inorganic and c r y s t a l l i n e subs tance having a d e f i n i t e
chemical c o m p o s i t i o n and c ry s ta l s t ruc ture . A mineral name u s u a l l y ends
in "-ite."

VARIETIES of mineral s are d i s t i n g u i s h e d when the p h y s i c a l a p p e a r a n c e
or p r o p e r t i e s of a mineral are m o d i f i e d by minor changes in chemical
c o m p o s i t i o n , c r y s t a l s t r u c t u r e , and c o n d i t i o n s o f c r y s t a l l i z a t i o n .

The term ASBESTOS is a c o m m e r c i a l - i n d u s t r i a l term rather than a
r a i n e r a l o g i c a l term. It r e f e r s t o w e l l - d e v e l o p e d and h a i r l i k e long-
f i b e r e d var i e t i e s o f c e r ta in m i n e r a l s that s a t i s f y p a r t i c u l a r i n d u s t r i a l
needs. T a b l e 2-1 l i s t s the names and chemical f o r m u l a s of the mineral si n c l u d e d in the term a sbe s to s . Other minera l s used in i n d u s t r y , such as

TABLE 2-1. M i n e r a l o g y of Commercial A s b e s t o s
Chemica l
F o r m u l a

Commercial
Name
C h r y s o t i l e
C r o c i d o l i t e

M i n e r a l
Name
C h r y s o t i l e
Riebeck i t e

Minera l
G r o u p
S e r p e n t i n e
A m p h i b o l e

A n t h o p h y l l i t e A n t h o p h y l l i t e A m p h i b o l e
A m o s i t e C u m r a i n g t o n i t e - A m p h i b o l e

g r u n e r i t e 3

A c t i n o l i t e -
t r e m o l i t e 0 A m p h i b o l e

H y p h e n a t e d mineral names, such as cummingtoni t e-gruneri t e , representMINERAL SERIES. The mineral s in th e series are s t r u c t u r a l l y i d e n t i c a l
but can conta in var iab l e p r o p o r t i o n s of two or more d i f f e r e n t ca t i on sin the same s t ru c tura l s i t e . T h u s , these mineral series may be regarded
as so l id s o lu t i on series. The variable cations in the cummingtonite-gruneri t e series are magnesium and iron; most minera l s in th i s serieshave both e l e m e n t s , t o t a l l i n g seven atoms per chemical f o r m u l a . Theend members are i d e n t i f i e d by the hyphena t ed names, e.g., cummingtoni t e ,
which contains seven atoms of magnesium per chemical f o r m u l a , andgruner i t e , which contains seven atoms of iron.' ' A l t h o u g h a s b e s t i f o r m t r e m o l i t e a n d a c t i n o l i t e occur i n nature,large c o m m e r c i a l l y mined d e p o s i t s are rare. However, a c t i n o l i t e
asbes tos is found as a contaminant of amosite f rom S o u t h A f r i c a ,and t r e m o l i t e a sb e s t o s is f ound as a contaminant of some t a l c and
c h r y s o t i l e d e p o s i t s .
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palygor sk i t e , 1 may also crys tal l ize as wel l-developed, thin hairlikef i b e r s (i.e., in the a s b e s t i f o r m h a b i t ) , but they are not called asbestos.

The d i f f e r e n t kinds of asbes tos belong to two groups of minerals:serpentine and amphibole. The most common asbe s to s , chrysot i l e , is amember of the serpentine group. Because of their layered silicates tructure, serpentine minerals usual ly c r y s t a l l i z e as thin p l a t yc ry s ta l s ; however, some of them, e.g., chryso t i l e , occasionallyc r y s t a l l i z e as thin hairlike f i b e r s . In chryso t i l e , the structurallayers are curled up to f o r m s c ro l l s or tubes (see F i g u r e 2-2).
All the other kinds of asbestos belong to the amphibole group. T h e i rcrystal structure is characterized by para l l e l chains of s i l icat e t rahedra. Because of the s trength of these chains, amphibole c ry s ta l sare ei ther pr i smat i c or aclcular ( n e e d l e l i k e ) . The a s b e s t i f o r m varietiesof amphibole s have e s s en t ia l ly the same crystal structure as the non-a s b e s t i f o r m variet ie s . F i g u r e 2-3 shows s ch emat i ca l ly the structure ofaoph ibo l e c rys ta l s looking down the s i l ica chains.
H i s t o r i c a l l y , minera log i s t s have had d i f f i c u l t y recognizing that

"asbestos minerals" are ac tual ly varieties of several other minerals.T h u s , W e r n e r ' s recognition in the 18th century that amphibole asbes tos isa variety of amphibole mineral was an I m p o r t a n t contribution to mineralogy( F r e i e s l e b e n , 1817). C h r y s o t i l e was not i d e n t i f i e d as a variety ofserpentine until 1853. A m o s l t e was not recognized as a mixture ofa s b e s t i f o r m ac t ino l i t e and grunerite until 1948, and the term "amosite"is s t i l l used as a trade name for some asbestos.
CRYSTAL r e f e r s to a so l id with a h ighly ordered , per iodic arrangement

of atoms. The arrangement of atoms is cal led the CRYSTAL STRUCTURE.CRYSTALLIZATION HABIT re f er s to the d i s t inc t nature and shapes ofindividual crys tal s or aggregat ions of several crystals. The crys ta l l i-zation habit of a mineral is usually i d e n t i f i e d by terms describing itsappearance , such as equant ( e q u i d l m e n s i o n a l ) , f i l i f o r m ( h a i r l i k e ) , etc.,according to the dominant geometric shape. The basic proper t i e s ofminerals usually do not vary with d i f f e r e n t crys tal l izat ion habits, but anoteworthy except ion is the a s b e s t i f o r m habit.
ASBESTIFORM HABIT r e f e r s to the unusual c r y s t a l l i z a t i o n habit of amineral when the crystals are thin, hairlike f i b e r s . H i s t o r i c a l l y , thed e f i n i t i o n of the a sbe s t i f orm habit was based primarily on appearance,and the proper t i e s were only impl i ed . At pre sent , the d e f i n i t i o n ofa s b e s t i f o r m habit is o f t e n augmented to include a statement on the

term "at tapulgl t e" is a commercial designation for materials thatconsist of a s b e s t i f o r m and p l a t y pa lygor sk i t e . Although the la t t er termis more precise mineralogical ly, In this report the committee generallyuses "a t tapu lg i t e " for consistency. Not a l l pa lygor sk i t e ( a t t a p u l g i t e )is a sb e s t i f orm.
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FIGURE 2-2. E l e c t r o n m i c r o p h o t o g r a p h o f a cross s e c t i on o f c h r y s o t i l e
f i b e r s d i s p l a y i n g t h e s c r o l l - l i k e a n d t u b u l a r growth o f t h e
layer ed s e r p e n t i n e s t r u c t u r e . F r o m Y a d a , 1967.
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FIGURE 2-3. Diagram of the s tructure and c l e a v a g e of a m p h i b o l ec r y s t a l s . Because of s t r u c t u r a l weakness, £he c ry s ta l
p r e f e r e n t i a l l y breaks a l o n g t h e ( 1 1 0 ) a n d ( 1 1 0 ) p l a n e s ,p a r a l l e l wi th t h e c-axis, y i e l d i n g a c i cu lar f r a g m e n t s . F r o mZ o l t a i , 1979.
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p r o p e r t i e s o f a s b e s t i f o r m f i b e r s , i.e., shape; enhanced s t r e n g t h ,f l e x i b i l i t y , and d u r a b i l i t y ; d i a m e t e r - d e p e n d e n t s t r e n g t h ; and unique
s u r fa c e s . The f i b e r s of a sbe s to s are good e x a m p l e s of the a s b e s t i f o r m
habi t .

A s b e s t i f o r m describes a spec ial type of f i b r o s i t y . F i b r o u s i s abroad term that i n c l u d e s , for e x a m p l e , a sb e s t o s as we l l as p s e u d o m o r p h i cf i b r o u s quartz. A s b e s t o s i s composed o f d i s t i n c t f i b e r s with unique
p r o p e r t i e s , whereas most f i b r o u s quartz breaks into odd shaped f r a g m e n t su n r e l a t e d to i t s a p p a r e n t f i b r o u s appearance . The proper use o fmineralogical nomenclature f o r f i b r o u s m a t e r i a l s , p a r t i c u l a r l y a s b e s t o s ,
and p r o b l e m s that have arisen f r o m improper usage have been d i s cu s s ed inseveral r e p o r t s ( C a m p b e l l e_t id., 1977; Langer e£ a_l., 1979; Z o l t a i ,1978). T h u s , the term a s b e s t i f o r m has been used in a varie ty of ways inthe p a s t , sometimes a p p l y i n g only to a s b e s t o s or to f i b e r s that look l i k easbes tos . T h i s committee has d ev e l op ed and used a d e f i n i t i o n that ismore circumspect m i n e r a l o g i c a l l y .

ACICULAR c r y s t a l s are c r y s t a l s that are e x t r e m e l y long and thin andhave a smal l diameter. (An ac i cu lar c r y s t a l is a s p e c i a l t y p e of
PRISMATIC crys ta l . A pr i smat i c crystal has one e longated dimension andtwo o ther dimens ions that are a p p r o x i m a t e l y e q u a l . ) As d e f i n e d by theA m e r i c a n G e o l o g i c a l I n s t i t u t e ( 1 9 8 0 ) , a mineral f r a g m e n t must be at l e a s t
three times as l ong as it is wide to be c a l l e d ac icular. A c i c u l a rc r y s t a l s or f r a g m e n t s are not e x p e c t e d to have the s t r e n g t h , f l e x i b i l i t y ,
or other p r o p e r t i e s of a s b e s t i f o r m f i b e r s .

H o w e v e r , smal l d i a m e t e r a c i c u l a r c r y s t a l s w i th a h igh a s p e c t ra t io
may be ASBESTIFORM if they are s t r o n g and f l e x i b l e . Larger d i a m e t e rc r y s t a l s , even if s t r o n g e r and more f l e x i b l e than the parent minera l , areu s u a l l y de s cr ibed a s F I L I F O R M o r H A I R L I K E . T h e l i m i t i n g u p p e r d iame t e rof whi sker s ( s e e d e f i n i t i o n b e l o w ) is u s u a l l y cons idered to be 15 urn; thesame d i a m e t e r may be used for the d e f i n i t i o n of a s b e s t i f o r m f i b e r s .

F I B R O U S r e f e r s t o ( 1 ) s i n g l e c r y s t a l s that resemble organic f i b e r ssuch as hair or c o t t on and (2) large c r y s t a l s or c r y s t a l l i n e a g g r e g a t e sthat look l i k e they are composed of f i b e r s (i . e . , l o n g , th in, n e e d l e i i k ee l e m e n t s ) (Dana and F o r d , 1932). The a p p a r e n t f i b e r s do not need to be
s e p a r a b l e . If the f i b e r s are s e p a r a b l e and are s t rong and f l e x i b l e , theyare ASBESTIFORM. If they have the normal s t r e n g t h and b r i t t l e n e s s o f themineral, they are ACICULAR. If the apparen t f i b e r s are not s eparab l e ,the s p e c imen may be a s i n g l e c ry s ta l or a m u l t i p l e ( p o l y c r y s t a l l i n e )a g g r e g a t e d i s p l a y i n g a f i b r o u s p a t t e r n ( r e s u l t i n g , f o r e x a m p l e , f r o ms t r i a t i o n or p s e u d o m o r p h i c r ep la c ement of an i n i t i a l l y f i b r o u s mineral).

The term MINERAL FIBERS has t r a d i t i o n a l l y re ferred to c ry s ta l s whoseappearance and p r o p e r t i e s re sembled organic f i b e r s , such as hair andco t t on. In some recent l i t e r a t u r e , however, the term sometimes r e f e r sonly to the appearance of the m a t e r i a l , and there can be c o n f u s i o n aboutwhether p a r t i c u l a r p r o p e r t i e s are a l s o i m p l i e d .
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C L E A V A G E r e f e r s t o t h e p r e f e r e n t i a l breakage o f c r y s t a l s a l ongc e r ta in p l a n e s o f s t r u c t u r a l weakness. S u c h p l a n e s o f weakness are

c a l l e d c l eavage p l a n e s . A mineral w i t h two d i s t i n c t c l eavage p l a n e s w i l lp r e f e r e n t i a l l y f r a c t u r e a long th e s e p l a n e s a n d w i l l produce A C I C U L A R
f r a g m e n t s ( F i g u r e 2-3). M i n e r a l s w i th o n e c l eavage p l a n e produc e P L A T Y
f r a g m e n t s , and those with three or more c l eavage p l a n e s y i e l d POLYHEDRAL
f r a g m e n t s . M i n e r a l s w i thou t c l e a v a g e p l a n e s f r a c t u r e into I R R E G U L A R ,
nongeometr i c f r a g m e n t s . T h e s t r e n g t h a n d f l e x i b i l i t y o f c l eavage f r a g -ments are a p p r o x i m a t e l y the same as tho s e of s i n g l e c r y s t a l s . C l e a v a g e
cannot p r o d u c e t h e h igh s t r e n g t h a n d f l e x i b i l i t y o f a s b e s t i f o r m f i b e r s .

COMMINUTION is th e breaking down o f m a t e r i a l in to s m a l l e r (more
m i n u t e ) p a r t i c l e s .

W H I S K E R S r e f e r t o s y n t h e t i c c r y s t a l s that share t h e p r o p e r t i e s o f
a s b e s t i f o r m f i b e r s .

F o r more e x t en s iv e d e f i n i t i o n s , s e e C a m p b e l l e £ a J N ( 1 9 7 7 ) , Z o l t a i
a n d W y l i e ( 1 9 7 9 ) , a n d W a l t o n ( 1 9 8 2 ) .

S O U R C E S O F M I N E R A L P A R T I C L E S
Many t y p e s of mineral f r a g m e n t s are f o r m e d as the result of the

c o n s t a n t wea th er ing of rocks, as w e l l as f r o m various human a c t i v i t i e s .
I n g e n e r a l , t h e mineral c o m p o s i t i o n o f the s e p a r t i c l e s a p p r o x i m a t e l yr e f l e c t s t h e r e l a t i v e abundance o f t h e m i n e r a l s i n t h e e a r t h ' s crus t .
T h e s e p a r t i c l e s are t r a n s p o r t e d by water and air b e f o r e being e v e n t u a l l y
d e p o s i t e d in u n c o n s o l i d a t e d s e d i m e n t a r y rocks, and the very s m a l l
p a r t i c l e s may remain in the environment ( i . e . , air and w a t e r ) for
e x t e n d e d p e r i o d s .

A s u b s t a n t i a l p r o p o r t i o n of these s u s p e n d e d p a r t i c l e s have thea p p a r e n t m o r p h o l o g y o f a s b e s t i f o r m f i b e r s . H o w e v e r , most o f the s e
f i b e r - s h a p e d p a r t i c l e s a r e n o t a s b e s t i f o r m . F o r e x a m p l e , t h e s u s p e n d e d
p a r t i c l e s i n c l u d e e l o n g a t e d c l eavage f r a g m e n t s o f chain s i l i c a t e and
other m i n e r a l s , such as the most common m i n e r a l , f e l d s p a r .

P H Y S I C A L P R O P E R T I E S O F A S B E S T I F O R M F I B E R S
A c o m p l e t e l i s t i n g o f t h e p h y s i c a l p r o p e r t i e s o f a s b e s t i f o r m f i b e r s

would be very extens ive. However, the ir common p r o p e r t i e s , as compared
wi th n o n a s b e s t i f o r m c r y s t a l s o f the same m i n e r a l s , comprise a r e l a t i v e l yshort l i s t :

f i b e r l i k e morpho logy and dimensionsenhanced s t r e n g t h and f l e x i b i l i t y
d i a m e t e r - d e p e n d e n t s t r e n g t h
increased p h y s i c a l and chemical d u r a b i l i t yimproved s u r f a c e s t ruc ture ( i . e . , r e l a t i v e l y f r e e o f d e f e c t s )
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In a d d i t i o n , the presence and the qual i ty of these p r o p e r t i e s d e p e n d s onthe conditions present during f i b e r growth.

A continuum of these p r o p e r t i e s is p o s s i b l e . For example , "highquali ty" commercial asbestos has all these p r o p e r t i e s to a great e x t e n t ,whereas other, more b r i t t l e f i b e r s may have these p r o p e r t i e s to a l e s s erextent. Most whiskers and some amorphous material s , such as f i b rou sglas s , may also have many of these p r o p e r t i e s , including f i b e r morpho logy,f l e x i b i l i t y , and d iameter-dependent s trength. T h e r e f o r e , in this r e p o r t ,some of the p r o p e r t i e s of a s b e s t i f o r m f i b e r s are also assumed to a p p l y tothese other materials .
Many natural minerals, such as p a l y g o r s k l t e ( a t t a p u l g i t e ) , and somes y n t h e t i c f i b e r s have p r o p e r t i e s o f a s b e s t i f o r m f i b e r s to some ex t ent .A p p e n d i x B l i s t s many of these mater ia l s a c c o m p a n i e d , in some instances,by brie f comments related to human exposure or to heal th e f f e c t s .
The p r o p e r t i e s l i s t e d above are d i s cu s s ed in the f o l l o w i n g s e c t i on,p r i m a r i l y as they a p p l y to a sbe s to s .

F i b e r l i k e M o r p h o l o g y
The shape of these f i b e r s is characterized by small crystal d i a m e t e r ,by extreme l ength to width ratio (aspec t r a t i o ) , and by smooth andparal le l longitudinal face s . The longi tudinal f a c e s may be:
• rational c r y s t a l l o g r a p h i c f a c e s ( i n d e x a b l e by l a t t i c e p a r a m e t e r s )that are similar or ident i ca l to the p r i s m a t i c f a c e s of other c ry s ta l s ofthe same materials;
• c r y s t a l l o g r a p h i c a l l y irrational p l a n e s (not indexab l e by l a t t i c e

p a r a m e t e r s — o n e of the most unusual c h a r a c t e r i s t i c s of h igh-qual i tyamphlbo l e asbestos f i b e r s ) ; or
• curved, s cro l l- l ike or tubular s t ru c tur e s , as in c h r y s o t l l e andcarbon whiskers.
A l t h o u g h acicular crystal s and aclcular f r a g m e n t s may also d i s p l a y ahigh a spec t rat io , that ratio is a lmos t always small compared to that ofasbe s to s , since n o n a s b e s t l f o r m crys ta l s are more b r i t t l e and break morereadi ly across the l ong i tud ina l axis. Comminution of a sbe s to s ,e spe c ia l ly the amphibole varieties, may also produce some f r a g m e n t s withlength-to-width ratios very similar to those observed for acicularcrys tal s and f r a g m e n t s , but these are u sua l ly only a small p r o p o r t i o n ofthe total mineral mass and would s t i l l be e x p e c t e d to po s s e s s thep r o p e r t i e s of a s b e s t i f o r m f i b e r s . At pr e s en t , to de termine whether asample of par t i c l e s seen in a microscope contains a s b e s t i f o rm f i b e r s , itis general ly necessary to know the origin of the sample. However, onaverage, acicular f r a g m e n t s are shorter than a s b e s t i f o r m f i b e r s ( C a m p b e l let al., 1979). I
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Enhanced S t r e n g t h a n d F l e x i b i l i t y

A s b e s t o s , whiskers, and f i b r o u s g l a s s with s u f f i c i e n t l y smalld i a m e t e r s have great s t r e n g t h and f l e x i b i l i t y . The t e n s i l e s t r e n g t h o f
commercial q u a l i t y a s b e s t o s f i b e r s is 20 to 50 t ime s grea t er than that ofthe n o n a s b e s t i f o r m c r y s t a l s of the same minerals . For e x a m p l e , thes t r e n g t h o f gruner i t e c r y s t a l s i s a p p r o x i m a t e l y 1,000 k g / c m 2 , whereasth e s t r e n g t h o f a s b e s t i f o r m gruner i t e ( a l s o c a l l e d a m o s i t e ) may reach
40,000 k g / c m 2 . W h i s k e r s and f i n e f i b e r s o f g l a s s a l s o p o s s e s s extremes t r e n g t h .

A l t h o u g h the usual c r y s t a l s o f most m i n e r a l s are b r i t t l e and cannotbe bent more than a few d e g r e e s , a s b e s t i f o r m f i b e r s are h i g h l y f l e x i b l e
and may a l s o be somewhat e l a s t i c . In g e n e r a l , measurement of the b end ings t r e n g t h o f f i b e r s i s an a c c e p t a b l e a p p r o x i m a t i o n o f t e n s i l e s t r e n g t h .

D i a m e t e r - D e p e n d e n t S t r e n g t h
One of the p r o p e r t i e s shared by h i g h q u a l i t y f i b e r s of a s b e s t o s ,

whi sker s , and g l a s s i s t h e i r d i a m e t e r - d e p e n d e n t s t r e n g t h . T h a t i s , thes t r e n g t h of the f i b e r s per unit of cro s s- sec t ion area increases as thed i a m e t e r de crea s e s . T h u s , t h e s m a l l e r th e d i a m e t e r o f th e f i b e r , th e
g r e a t e r i t s s t r e n g t h .

The d i a m e t e r - d e p e n d e n t v a r i a t i o n in the s t r e n g t h of f i n e wires was
f i r s t observed by van Mus s ch enbro e ck ( 1 7 2 9 ) . In the ensuing c en tur i e s ,
s i m i l a r o b s e rva t i on s were made by l a t e r i n v e s t i g a t o r s ( e . g . , K a r m a r s c h ,
1824; G e r s t n e r , 1 8 3 1 ) , i n c l u d i n g f a m o u s b r i d g e b u i l d e r s in the e a r l y 19th
century ( D u f o u r , 1823; S e g u i n , 1824; T e l f o r d , 1814).

An apparent s t r eng th-d iame t er e f f e c t was a l s o observed in g l a s s
f i b e r s by T h r e l f a l l ( 1 8 9 0 ) and c o n f i r m e d and q u a n t i t a t i v e l y analyzed byG r i f f i t h ( 1 9 2 1 ) . T h e d i a m e t e r - d e p e n d e n t s t r e n g t h o f a s b e s t o s f i b e r s w a sf i r s t s t u d i e d by N a d g o r n y i et aU ( 1 9 6 5 ) . L a t e r , the e f f e c t was observedin a s b e s t i f o r m var i e t i e s of other minera l s by M a l e e v et al. ( 1 9 7 2 ) .F i g u r e 2-4 i l l u s t r a t e s the s t r e n g t h - d i a m e t e r e f f e c t in f i b r o u s g l a s s and
a sb e s t o s . A p p e n d i x C p r o v i d e s f u r t h e r d i s c u s s i o n o f t h e e f f e c t .

I n c r e a s e d P h y s i c a l and Chemical D u r a b i l i t y
A s b e s t o s f i b e r s are more r e s i s t an t to p h y s i c a l s t r e s s than are

nonasbe s to s varie t i e s o f the same mineral. For e x a m p l e , a s b e s t i f o r mf i b e r s are much more d i f f i c u l t to grind to a powder in a mortar than aret h e c o r r e s p o n d i n g n o n a s b e s t i f o r m c r y s t a l s . F u r t h e r m o r e , high q u a l i t ya m p h i b o l e a s b e s t o s does not p o s s e s s p r i s m a t i c c leavage p l a n e s .
S i m i l a r l y , f i b e r s of a sb e s t o s are more r e s i s t an t to d i s s o l u t i o n bya c i d s than are other c r y s t a l s of the same minerals. T h u s , W a l k e r ( 1 9 8 1 )
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FIGURE 2-4. I l l u s t r a t i o n o f t h e s t r eng th-d iame t er e f f e c t . Data f r o mG r i f f i t h , 1921 ( g l a s s f i b e r s ) and N a d g o r n y i et al., 1965( a s b e s t o s ) .

noted that d i s s o l u t i o n of grunerite cleavage f r a g m e n t s was in i t ia t ed onal l s u r f a c e s , whereas d i s s o l u t i o n o f the a s b e s t i f o r m grunerite f i b e r srequired stronger acid and began at the ends of the f i b e r s — a processthat resulted in the deve lopment of inverted cones at the end of thef i b e r s . T h i s observation sugge s t s that the external structure ofa s b e s t i f o r m f i b e r s is more resistant to acids than is the internalstructure. In many cases, the so l id f i b e r s became p a r t i a l l y hollowcylinders b e f or e the sur face d i s s o l v e d . G l a s s and rock wool f i b e r s alsodi s so lve f r o m the ends ( W o j n a r o v i t s - H r a p k a , 1977, 1978, 1979). ( S e eFigure 2-5.)
D e f e c t - F r e e S u r f a c e Struc tur e

Many asbestos f i b e r s have the shiny lu s t er and high r e f l e c t i v i t yindicative of a surface s tructure that is r e la t ive ly f r e e of d e f e c t s .I n v e s t i g a t o r s have noted the low d e n s i t y or the absence of surfaced e f e c t s in whiskers (Bokshtein et al., 1968; Brenner, 1956; Jones and
Duncan, 1971; Mehan and H e r z o g , 1970; Vebb et al.., 1966) and in glas sf i b e r s (Bartenev and Izmai lova , 1962; G r i f f i t h , 1921; Moorthy et al.,1956). — —
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f . J
FIGURE 2-5. The d i s s o l u t i o n p a t t e r n o f a g l a s s f i b e r ( f r o m W o j n a r o v i t s -

H r a p k a , 1 9 7 7 ) a n d amos i t e f i b e r s ( f r o m W a l k e r , 1981).

The lack of s u r f a c e d e f e c t s may be p a r t l y r e s p o n s i b l e for the h igh
s t r e n g t h o f the s u r f a c e layer o f a s b e s t i f o r m f i b e r s . The s t r e n g t h mayal so be enhanced by the d i f f e r e n c e s in bonding between the internal ands u r f a c e s t r u c t u r e s o f these f i b e r s ( G e r s t n e r , 1831; G r i f f i t h , 1921; J o f f ee t a l . , 1924; Orowan, 1933; S e l l a and V o i g t , 1893; W e i b u l l , 1939).

Growth-Dependent F i b e r Q u a l i t y
A l t h o u g h t h e c o n d i t i o n s p r e v a i l i n g dur ing c r y s t a l l i z a t i o n c a n a f f e c tthe phy s i ca l and chemical p r o p e r t i e s of c r y s t a l s , the e f f e c t i s u s u a l l y

minor. However, the conditions of growth g r e a t l y in f lu enc e the
p r o p e r t i e s of a s b e s t o s , whisker, and g l a s s f i b e r s . A strong s u r f a c e
s truc ture with r e l a t i v e l y few d e f e c t s can d e v e l o p only when the crys ta lgrows in only one direction* Such unidirect ional growth can be achieved
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i f , f or e x a m p l e , there i s u n i d i r e c t i o n a l t en s i on or s u d d e n re l ea s e o f
s t r e s s . I n major a s b e s t o s d e p o s i t s , t h e r e f o r e , t h e f i b e r s u s u a l l yc r y s t a l l i z e p a r a l l e l with tension and p e r p e n d i c u l a r to the wa l l o f the
f r a c t u r e veins. In labora tor i e s , whi sker s are grown e x p e r i m e n t a l l y byc r e a t i n g various t y p e s o f p h y s i c a l and chemical c o n d i t i o n s that promot eunid ir e c t i onal growth ( W a g n e r , 1970). Because the phys i ca l q u a l i t y ofthe f i b e r s d e p e n d s on the growth c o n d i t i o n s , f i b e r p r o p e r t i e s w i l l vary
as the growth c ond i t i on s vary.

B I O L O G I C A L L Y R E L E V A N T P H Y S I C O C H E M I C A L P R O P E R T I E S
T h e various p a t h o l o g i c a l e f f e c t s a s s o c i a t e d with a s b e s t i f o r m f i b e r sare di s cus s ed in d e t a i l in C h a p t e r s 5 and 6. However, the p r o p e r t i e s ofthe f i b e r s tha t may be relevant to those e f f e c t s are in troduced here,

a l o n g wi th some of the evidence for the ir importance .

R e s p i r a b i l i t y
Only f i b e r s w i t h mean aerodynamic d i a m e t e r s l e s s than a p p r o x i m a t e l y3 ym enter the small airways. T h i s f e a t u r e is d i s cu s s ed in greater

d e t a i l in the s e c t i o n on b i o d i s p o s i t i o n in C h a p t e r 5. See a l s o
Leineweber ( 1 9 8 0 ) , T i m b r e l l ( 1 9 6 5 ) , a n d W a l t o n ( 1 9 8 2 ) .

S i z e a n d A s p e c t R a t i o ( L e n g t h ; D i a m e t e r )
D i m e n s i o n a l c h a r a c t e r i s t i c s o f f i b e r s d e t e r m i n e no t on ly where theyw i l l d e p o s i t in the r e s p i r a t o r y trac t but a l s o how a c e l l w i l l respond to

them. In a n i m a l s , s h or t e r f i b e r s and p a r t i c l e s may be e n g u l f e d by
scavenger c e l l s and th er eby may be s u b s t a n t i a l l y prevent ed f r o m
i n t e r a c t i o n wi th o ther c e l l t y p e s . T h u s , a f t e r being i n h a l e d , the s e
f i b e r s may be pre s en t for e x t e n d e d p e r i o d s in the c y t o p l a s m of airway
e p i t h e l i a l c e l l s , in membrane-bound v e s i c l e s , or in macrophage s ( M o s s m a net j d . , 1977; Suzuk i and C h u r g , 1969). Longer f i b e r s , which are
i n c a p a b l e o f undergo ing p h a g o c y t o s i s ( i . e . , being e n g u l f e d by c e l l s ) , area s s o c ia t ed with marked cyto tox i c a l t e r a t i o n s in vitro in animals , butt o x i c i t y i s reduced s u b s t a n t i a l l y when l a r g e r f i b e r s are m i l l e d to
s m a l l e r s ize s (Brown e_t j r l . , 1978; Raw ejt a_l., 1982; L i p k i n , 1980).
U n f o r t u n a t e l y , the r e d u c t i o n in t o x i c i t y cannot be a t t r i b u t e d s o l e l y tothe r educ t i on in s ize , since m i l l i n g a l s o a l t e r s to some degree thec r y s t a l l i n i t y and s u r f a c e f e a t u r e s o f the f i b e r s , and these p r o p e r t i e smay a l s o exert some e f f e c t (Langer e£ a l _ . , 1978). The greater t o x i c i t y
of the longer f i b e r s might be due to the i n a b i l i t y of c e l l s such asmacrophages to e n g u l f the f i b e r s a n d / o r inact ivate the various s i t e s onlonger f i b e r s .

In a n i m a l s , a d irec t r e l a t i o n s h i p between dimension and d ev e l opmen tof me s o th e l i oma has been s u g g e s t e d by r e s u l t s of s t u d i e s in whichi n t r a p l e u r a l , i n t r a t h o r a c i c , and i n t r a p e r i t o n e a l i n j e c t i o n s have been
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admini s t e r ed . However, the a p p r o p r i a t e n e s s of e x t r a p o l a t i n g these datato humans is questionable in view of the massive dosages , species-s p e c i f i c var iab i l i ty , and d i f f e r e n t p a t h o l o g i c a l f i n d i n g s , e.g., sarcomasand h i s t i o cy tona s , in these animal s tud i e s . Moreover, a l though mostmesotheliomas in humans seem to be associated with exposure to asbes t l-f o n n f i b e r s , spontaneous meso the l iomas a p p e a r in the mouse ( S h a p i r o andWarren, 1949), rat ( H u e p e r and Payne, 1 9 6 2 ) , and hamster ( F o r t n e r , 1961).T h e s e observations suggest that d i f f e r e n t mechanisms of disease inductionmay occur in various species.

A l t h o u g h data reported by most I n v e s t i g a t o r s show an increased risk
of meso the l ioma a f t e r exposure to l o n g , thin f i b e r s , in comparison toshort , thick f i b e r s , there does not a p p e a r to be a critical l e n g t h belowwhich f i b e r s have no carcinogenic p o t e n t i a l . For e x a m p l e , s tudie s byPot t and c o l l eague s (1974) show that f i b e r p r e p a r a t i o n s containing anoverwhelming m a j o r i t y of f i b e r s shorter than 5 urn s t i l l po s s e s smeasurable biological ac t iv i ty. Moreover, mesotheliooas have beeninduced by admini s t er ing g la s s powder and other p a r t i c u l a t e s , a l t houghthe tumors occurred with less f r e q u e n c y than with long f i b e r s (Wagner etal. , 1973).

Bertrand and Pezerat (1980) used a new s ta t i s t i ca l approach toanalyze the I n f o r m a t i o n generated by S t a n t o n and co l l eagues ( 1 9 7 7 ) f r o mexper iment s using f i b r o u s g l a s s of various sizes. Bertrand and Pezeratsugges t ed that carcinogenesis is a continuous increasing f u n c t i o n ofaspec t ra t i o , but concluded that it is not p o s s i b l e to s epara t e thee f f e c t s o f the two variable s , l eng th and diameter.

Durab i l i ty
Many a s b e s t i f o r m f i b e r s survive in b io log i ca l sys tems for longper i od s . However, the physicochemical p r o p e r t i e s of asbe s to s and otherf i b e r s may undergo a l t erat ion a f t e r inhalation ( S p u r n y e_t al., 1983).For e x a m p l e , t h e s u r f a c e characteri s t i c s o f f i b e r s ar e m o d i f i e d a f t e ra d s o r p t i o n of s u r f a c t a n t and mucin; this coating reduces the cy to tox i cproper t i e s of f i b e r s (Desai and Richards, 1978; H a r i n g t o n e£ al., 1975;Jaurand et al., 1979; Morgan, 1974). In a d d i t i o n , f i b e r s in general

appear to undergo comminution or breakdown in the lung. The number off i b e r s per unit mass of asbestos also Increases. Asbe s t o s f i b e r s tend tof ragment l o n g i t u d i n a l l y into thinner f i b r i l s (Cook e£ al., 1982; Suzukiand Churg, 1969), whereas glas s f i b e r s cannot do so ( K l i n g h o l z , 1977).
C h r y s o t l l e also i s m o d i f i e d s t r u c t u r a l l y a f t e r d e p o s i t i o n in thelung, since magnesium ions (Mg**), which contribute to both thestructural I n t e g r i t y and po s i t ive sur face charge of the f i b e r , areleached f r o m the f i b e r (Jaurand et el., 1979; Langer et al., 1972). T h i sleaching process apparen t ly causes fragmentat ion of chrysoti le and itsf a s t e r di sappearance f rom the lung in comparison to amph lbo l e type s ofasbestos (Morri s et al.., 1967). D e p l e t i o n of Kg4"*" decreases the
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c y t o t o x i c i t y of chryso t l l e (Morgan e_t al. * 1977) and the a b i l i t y of this
t y p e of asbestos to cause mesothe l iona in animals (Monchaux et al.,1981). The leaching of magnesium ions may alter the composit ion ofchry s o t i l e , but it does not tend to d i s s o lv e in t i s sue s as g las s does(Leineweber, in pre s s).

Asbe s t o s -r e la t ed d i s ea s e s , e s p e c i a l l y cancers, generally occur manyyears a f t e r f i r s t exposure. A u t o p s i e s and b i op s i e s show that f i b e r s ares t i l l present in the lungs and other t i s sues and o f t e n appear to bee s s e n t i a l l y I n t a c t years a f t e r the las t known exposure. It i s p o s s i b l e ,t h e r e f o r e , that the except ional physicochemical d u r a b i l i t y of a s b e s t i f o r uf i b e r s is one of the basic requirements for their biological e f f e c t s .

F l e x i b i l i t y and T e n s i l e S t r e n g t h
The r e la t ive ly high f l e x i b i l i t y o f the a s b e s t i f o r m f i b e r s enables

them to bend without breaking and may f a c i l i t a t e their passage throughthe r e sp i ra t ory tract. Like a sb e s t o s f i b e r s , f i n e - d i a m e t e r g la s s f i b e r sdo not tend to break across their axes and are o f t e n as strong asasbestos. However , r e l a t i v e ly large-diameter g la s s f i b e r s tend to breakp e r p e n d i c u l a r l y to the f i b e r axis into "blocky" f r a g m e n t s . Thef l e x i b i l i t y of f i b e r s is d i r e c t ly related to tensile s trength.

Chemical Composi t ion
The p o s s i b l e s i g n i f i c a n c e of certain e l ement s contained in thechemical f o r m u l a s of f i b e r s in relation to disease is under s tudy. Ininitial I n v e s t i g a t i o n s o f the h e a l t h e f f e c t s o f a s b e s t o s , the chemicalc o m p o s i t i o n of the f i b e r s was e x p e c t e d to be impor tan t . The most obvious

candidate for the common chemical component was s i l icon, since allcommercial f o r m s of asbes tos are s i l i ca t e s . The l ike l ihood that s i l iconplays a role in carcinogenesls is minimized , however, by the
ex c ep t i ona l ly strong and almost I n d e s t r u c t a b l e bonding of silicon tooxygen in a te trahedral s tructure. Furthermore , neither other s i l i c a t e snor pure silica p a r t i c l e s have carcinogenic p r o p e r t i e s s imilar to thoseof the a s b e s t i f o rm f i b er s (Churg , 1982).

Magnesium was next considered, since it Is present in most a sbe s to sand on the chryso t l l e surface. However, it was soon recognized that oneof the major t y p e s of asbestos ( a s b e s t i f o r m gruneri t e) containedrelatively l i t t l e magnesium and that another t y p e ( c r o c i d o l i t e ) did notnecessarily contain any magnesium in its chemical formula.
Although it has not been shown that chemical composition has a directrole in the pathogenic propert i e s of a sb e s t i f orm f i b e r s , the chemicalcomposi t ion and structure obviously underlie many of the other p r o p e r t i e sof the f i b er s . T h u s , chemical compos i t ion may p l a y an important I n d i r e c trole in determining which f i b er s exert patho logi ca l e f f e c t s and whatthese e f f e c t s are.
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Some a s b e s t i f o r m f i b e r s carry some f o r e i g n mater ia l on their s u r f a c e s

and, in the case of c h r y s o t i l e , in the centers of their f i b r i l s .Z e o l i t e s a l so have large channels that may contain a variety of e l ement s
and compounds* T h e s e f o r e i g n m a t e r i a l s could be carc inogenic , even if
the host crys ta l is not.

S u r f a c e Area
The s u r f a c e area of a s b e s t i f o r m f i b e r s per unit volume is very large

because of the small d i a m e t e r of the f i b e r s . M o s t commercial a s b e s t o s
occurs in b u n d l e s that are broken open as the size of the unit mass isreduced. An increase in s u r f a c e area and p a r t i c l e number then occurs.S e v e r a l b i o l o g i c a l e f f e c t s s t u d i e d in th e l abora t ory ar e r e l a t e d d i r e c t l yto an increase in f i b e r s u r f a c e area. T h e s e i n c l u d e h emo ly s i s byc h r y s o t i l e ( S c h n i t z e r and P u n d s a c k , 1970) and by a m p h i b o l e s ( M o r g a n etal . , 1977; S c h n i t z e r and Pundsack , 1970); c y t o t o x i c i t y of chry so t i l e when

Tt is t e s t e d on a l v e o l a r m a c r o p h a g e s f r o m r a b b i t s or humans ( Y a e g e r eta l . , 1 9 8 3 ) ; and general s o r p t i o n of serum component s (Desa i £t £i«» 1 9 7 5 ) *P r e s u m a b l y , an increase in s u r f a c e area a l l o w s more c e l l u l a r in t e ra c t i on ,
a l t h o u g h the concomitant decrease in d i a m e t e r may a l s o p l a y a role.

S u r f a c e Charge
A s b e s t o s - i n d u c e d c e l l damage a p p e a r s to be i n i t i a t e d by a reac t ion ofthe p l a s m a membrane that r e s u l t s e i t h e r in c e l l l y s i s or in p h a g o c y t o s i s

of the mat er ia l ( M o s s m a n et a_ .̂, 1983). The degree of c y t o l y t i cr e a c t i v i t y , as measured by a variety of t e chn ique s in v i t r o , i n c l u d i n g
h e m o l y s i s and decrease in c e l l v i a b i l i t y , i s a p p a r e n t l y d e p e n d e n ti n i t i a l l y on the s u r f a c e charge of the f i b e r ( L i g h t and W e i , 1977a,b;
Reis s et aU, 1980).

Red b l ood c e l l s l y s e a f t e r exposure to a s b e s t o s , and the r e l ea s e o fh e m o g l o b i n can be q u a n t i f i e d . The s u r f a c e charge on f i b e r s , as measured
by the zeta p o t e n t i a l , i s r e l a t e d d i r e c t l y to the f i b e r s ' h e m o l y t i ca c t i v i t y ( L i g h t and W e i , 1 9 7 7 a , b ) . When c h r y s o t i l e f i b e r s are t r ea t ed
with a c i d , both the zeta p o t e n t i a l and the h e m o l y t i c a c t i v i t y decrease.By c o n t r a s t , the h e m o l y t i c p o t e n t i a l for c r o c i d o l i t e increases as thef i b e r s become more n e g a t i v e l y charged. S c h i l l e r and c o l l e a g u e s ( 1 9 8 0 )have shown regional d i f f e r e n c e s in s u r f a c e charge on a m p h i b o l e f i b e r s .
The charge charac t e r i s t i c s of f i b e r s a l s o vary according to their size.

S t a n d a r d i z e d A s b e s t o s S a m p l e s ?
S a m p l e s of a sbe s to s that come f r o m d i f f e r e n t sources or haveundergone m o d i f i c a t i o n s vary in many of the c h a r a c t e r i s t i c s d i s c u s s e d .

?Much of t h i s i n f o r m a t i o n was taken f r o m an u n p u b l i s h e d d r a f t p a p e rprepared by Paul W. W e i b l e n , U n i v e r s i t y of M i n n e s o t a , 1983.
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To f a c i l i t a t e comparisons of experiments and measurements amongresearchers throughout the world, f i v e UICC standard reference samplesfor asbestos were prepared and p a r t i a l l y characterized (Rendal l , 1970,1980; T i n b r e l l , 1970; Timbre l l and Rendal l , 1972). The f ive hal f- tonsamples and the mines they came from are: amosl te (Penge, South A f r i c a ) ;a n t h o p h y l l l t e (Paakki la, F i n l a n d ) ; c roc ido l i t e ( K o e g a s , NW C a p e , Sou thA f r i c a ) ; chrysoti le A (Shabani , R h o d e s i a ) ; chrysotile B (various Canadianmines). The samples were prepared by a s p e c i f i c blending and mil l ingprocedure. As t e s t ed by e lutriator and cyclone, 672 to 872 of the f i b e r s(by we igh t) have been reported as r e sp lrab l e (Rendall , 1970). For thefour samples other than croc ido l i t e , 82 to 152 of the f i b e r s counted byelectron microscope were reported to be longer than 10 pm; forcro c ido l i t e , 32 of f i b er s were found to exceed 10 pm in length ( T i m b r e l l ,1970). T h e s e samples do not c ompl e t e ly s a t i s f y all the currentrequirements for comparing biological and health e f f e c t s o f d i f f e r e n tasbestos sample s , and it would be u s e fu l if a new set of s tandards wereprepared taking into consideration all the f i b e r characterizationcriteria now considered important.

The U.S. Bureau of Mines has prepared and characterized samples ofa p p r o x i m a t e l y one-half ton each of amos l t e , chrysot i l e , crocidol i te , andnonfibrous tremol i t e for use in oral inges t ion s tud i e s carried out by theN a t i o n a l I n s t i t u t e of Environmental H e a l t h Sciences (Campbel l et al.,1980).

S U M M A R Y
Asbe s t o s is a generic name for the a s b e s t i f o rm variety of certainminerals that are used commercially. The term commercial asbestosencompasses f i v e minerals: chryso t i l e , a n t h o p h y l l l t e , riebeckite,cummlngtonite-grunerite , and ac t ino l i t e- trenol i t e . Many other mineralsoccasionally cry s ta l l i z e in the a s b e s t i f o r m habit and there fore may havethe characteristic proper t i e s of asbestos.
A s b e s t i f o r m f i b e r s , including asbestos f i b e r s , are mineral f iber sthat are characterized by a s p e c i f i c set of interdependent physicalp r o p e r t i e s , including f l b e r l i k e shape, enhanced strength and f l e x i b i l i t y ,increased durab i l i ty , strong and d e f e c t - f r e e surface structure, and thedependence of these proper t i e s on conditions of growth.
The f i b er proper t i e s that have been considered for po s s i b l eassociation with dele terious health e f f e c t s are r e sp i rab i l i ty (i.e.,f i b er s <3 /A diameter), size and aspect ratio, durab i l i ty , f l e x i b i l i t yand tensile s trength, chemical composi t ion, surface area, and surfacecharge.
Figure 2-6 and T a b l e 2-2 I l l u s t r a t e some of the characteristicsdescribed above for f i b e r s with progres s ive ly smaller diameters.
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F I G U R E 2-6. A s b e s t i f o r m f i b e r s i n d i f f e r e n t s t a g e s o f c o m m i n u t i o n — t h e pro c e s s whereby
f i b e r s are reduced to minut e p a r t i c l e s . A 1.0 x 1.0 x 8.0 urn f i b e r is thes t a r t i n g m a t e r i a l . Each d i a m e t e r i s ha lv ed as the comminut ion pro c e s s i s
carried through f i v e cyc l e s . Reduc t i on down to 0.031 pm or 310 A, as
shown, is a r ea sonab l e size for a c h r y s o t i l e f i b r i l . EM « e l e c t r o nm i c r o s c o p y . A d a p t e d f r o m A . L a n g e r , per sonal c o m m u n i c a t i o n , 1983.
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TABLE 2-2. The E f f e c t s of Comminution on P r o p e r t i e s of

P o l y f i l a m e n t o u s A s b e s t i f o r m F i b e r s 3

F i b e r RelativeDiameter F i b e r Hum- T i m e o f F a l l A s p e c t Ratio Rela t ive( u r n ) b e r / m g b ( l / d 2 ) c ( l e n g t h / d i a m e t e r ) S u r f a c e Area d

1.000 4 x 107 1 8 4
0.500 1.6 x 108 4 16 6
0.250 6.4 x 108 16 32 10
0.125 2.56 x 109 64 64 18
0.062 1.024 x 1010 256 . 128 34
0.031 4.096 x 1010 1,024 256 66

a A d a p t e d f r o m A. Langer , personal communication, 1983.blf mineral dens i ty is assumed to be about 2.80 g/cm^, 1 mg of dustvould contain a p p r o x i m a t e l y the number of f i b e r s shown in thi s column forthe d iameter shown. The increase in p a r t i c l e number is about threeorders of magni tude when l e n g t h is constant and the d iame t er of individualp a r t i c l e s is decreased to about 32 of ini t ia l value.c F a l l i n g speed o f a f i b e r i s a p p r o x i m a t e l y inverse ly p r o p o r t i o n a l tothe square of the f i b e r d iame t er ( 1 / d 2 ) . A c h r y s o t i l e f i b e r with a 0.03 urndiamet er takes a p p r o x i m a t e l y 1,000 t imes l onger to s e t t l e ( n e g l e c t i n g o therf a c t o r s ) out of an aerosol ae compared to a 1-un d iame t er f i b e r .^Change in surface area with comminution. U n i t s are re lat ive. Ends off i b e r not considered in these c a l c u l a t i o n s . Relat ive s u r f a c e area * 2N-2.

R E C O M M E N D A T I O N S
1. To f a c i l i t a t e communication among persons s t u d y i n g f i b r o u s m a t e r i a l s ,mineralogical t erminology should be used a p p r o p r i a t e l y in all d i s cu s s i on s andrepor t s concerning f i b r o u s material s . In p a r t i c u l a r , a d i s t i n c t i o n should bemade between a s b e s t i f o r m f i b e r s and e l onga t ed mineral p a r t i c l e s that are notf i b r o u s . When such a d i s t i n c t i o n cannot be made, it should be so s t a t e d .
2. M e t h o d s should be d eve l oped for both macroscopic and micro s copicquant i ta t ive de t erminat ion of the physical p r o p e r t i e s of f i b e r s , such as the irt ens i l e s trength.
3. In carrying out research to correlate the phys i cal and chemical

p r o p e r t i e s o f f i b e r s r e spons ib l e f o r their p a t h o l o g i c a l e f f e c t s , t h e f i b e r sshould be characterized as c ompl e t e ly as po s s ib l e . Where s tudie s areconducted to determine the e f f e c t s of natural f i b e r s , characterization shouldinclude such parameters as surface and Internal f i b e r s t r eng th ( d i s c u s s e d inA p p e n d i x C), surface charge, and dens i ty o f s ur fa c e d e f e c t s .
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3Asse s s ing N o n o c c u p a t i o n a l Exposures toA s b e s t i f o r m F i b e r s
Lack of i n f o r m a t i o n about exposure is o f t e n the major impediment to

a s s e s s i n g h e a l t h ri sks a s s o c i a t e d w i t h environmental sub s tance s . In t h i s
c h a p t e r , the c ommi t t e e d e f i n e s expo sure and e x p l o r e s the sources o fa s b e s t i f o r m f i b e r s , bo th n a t u r a l l y occurring a n d man-made. I t a l s od e s c r i b e s the general movement of f i b e r s in commerce and in thenonoccupat i onal environment, notes the d i f f i c u l t i e s in d e t e r m i n i n gamounts o f f i b e r s and in d e f i n i n g e xpo sur e , p r e s e n t s d e s c r i p t i v ee s t i m a t e s o f expo sure l e v e l s and of the numbers of p e o p l e e xpo s ed tovarious f i b e r t y p e s , and d i s c u s s e s the m a g n i t u d e and s i g n i f i c a n c e o f
uncertaint i e s about exposures to a s b e s t i f o r m f i b e r s . In d i s c u s s i n g the
various t y p e s o f f i b e r s , a s b e s t o s i s d e s c r i b ed f i r s t t o p r o v i d ep e r s p e c t i v e f o r t h e d i s c u s s i o n o f t h e o ther f i b e r s .

D E F I N I T I O N S O F E X P O S U R E
To under s tand the ex t ent o f current and f u t u r e h e a l t h ri sks f r o me xpo sur e s to sub s tance s of concern, i t i s nece s sary to charac t e r i z e p a s t ,current, and p r o j e c t e d f u t u r e exposures. I n f o r m a t i o n on pa s t exposures

serves as a gu ide for i n t e r p r e t i n g observed h e a l t h i m p a c t s in
e p i d e m i o l o g i c a l research and as a bas i s for e s t i m a t i n g c u m u l a t i v eexposure s . I n f o r m a t i o n on current and p r o j e c t e d f u t u r e e xpo sur e s p r o v i d e si n f o r m a t i o n u s e f u l in making d e c i s i o n s about r e g u l a t i n g exposure l e v e l s .

The goal of exposure as s e s sment i s to e s t i m a t e the d i s t r i b u t i o n of
various l e v e l s of exposure over a p o p u l a t i o n or s u b p o p u l a t i o n so that the
i n f o r m a t i o n can be i n t e g r a t e d w i th d a t a on the s u b s t a n c e ' s t o x i c i t y .F i g u r e 3-1 prov ide s one e xampl e of a d i s t r i b u t i o n of a s b e s t o s exposurefor some urban p o p u l a t i o n s ( S u t a and Levine, 1 9 7 9 ) . In that e x a m p l e ,exposure is e xpre s s ed as uni t s of mass per unit volume of air. Exposurei n f o r m a t i o n on a sb e s t o s is a l s o o f t e n e x p r e s s e d by using the f i b e r con-
centration in air or water ( f i b e r s / c m 3 or f i b e r s / l i t e r , r e s p e c t i v e l y )and the d u r a t i o n and p a t t e r n of exposure ( e . g . , 40 hour s /we ek , 48w e e k s / y e a r , for 23 year s).

A t t e m p t s at exposure a s s e s sment involve many a s s u m p t i o n s , c o m p l i c a -t i on s , and d i f f i c u l t i e s . To characterize e xpo sur e s c o m p l e t e l y , one wouldl ik e to know:
48
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FIGURE 3-1.

10 20 30 40 50 60 70 80 9O 100
P E R C E N T O F P O P U L A T I O N E X P O S E D T O C O N C E N T R A T I O N S
A T O R A B O V E T H E I N D I C A T E D L E V E L

D i s t r i b u t i o n of e xpo sur e s to a s b e s t o s in ambient air of
urban areas. From S u t a and Levine , 1979.

• Who is e x p o s e d ?
- age
- sex
- race
- h e a l t h s t a t u s
- other e x p o s u r e s , e.g., tobacco smoke

• To which f i b e r s are they e x p o s e d ?
- t y p e o f f i b e r
- dimens ions of f i b e r s- other f i b e r c h a r a c t e r i s t i c s

• How are they e x p o s e d ?
- oc cupa t i ona l- community (near known sources of material of concern)- consumer use of manufac tur ed p r o d u c t s
- general environmental
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• By what routes?

- r e s p i r a t o r y- oral- other
• W h a t p a t t e r n ?

- d a i l y peak intake- annual f i b e r intake
- c u m u l a t i v e f i b e r intake
- c u m u l a t i v e e xpo sure , e.g., f i b e r s / c m ^ times number of years- c onc en t ra t i on of e xpo sure , e.g., f i b e r s / c m ^ or f i b e r s / l i t e r

• How f r e q u e n t l y , and how l ong?
- c o n t i n u o u s l y
- regular, p e r i o d i c , e.g., 8 hour s /workday; once per month- irregular, but r epea t ed- s i n g l e i n c i d e n t s- age during exposure

• T h r o u g h what chain of events?
- natural weathering- mining and m i l l i n g
- m a n u f a c t u r i n g proce s s e s- t r a n s p o r t a t i o n- s t o rage
- use
- i n d u s t r i a l d i s c h a r g e s
- waste d i s p o s a l
- environmental t r a n s p o r t

• How many p e o p l e are e xpo s ed by various routes and under
various condi t i on s?
- s i n g l e routes of exposure
- m u l t i p l e routes and t y p e s of e x p o s u r e , e.g.,oral and r e sp ira tory , occupat ional and consumer

In g enera l , these que s t i on s are not e a s i l y answered, and f i b r o u s
m a t e r i a l s such a s a s b e s t o s pose some s p e c i a l d i f f i c u l t i e s . For e x a m p l e , '
f i b e r s remain in the l ung s a f t e r external exposure has ceased. Ina d d i t i o n , there is no consensus on the best way to measure and expresst o x i c o l o g i c a l l y s i g n i f i c a n t doses , e.g., whether to use mass, f i b e r countsor f i b e r s wi th p a r t i c u l a r charac t e r i s t i c s . Measures of t o ta l mass arep o s s i b l y not r e l a t e d to t o x i c i t y as r e l i a b l y as a p p r o p r i a t e f i b e rcounts. Moreover, the various me thod s of c o l l e c t i n g and counting f i b e r so f t e n do not corre late well with one another. However, to compare
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do s e -r e spon s e r e l a t i o n s h i p s among s t u d i e s a n d t o p r e d i c t h e a l t h e f f e c t sf r o m expo sure or dose measurement s , d a t a concerning exposure and dosemust be e xpr e s s ed in the same u n i t s , even though there is unc e r ta in tyabout the a p p r o p r i a t e conversion f a c t o r s (see C h a p t e r 4).

Two m a j o r a p p r o a c h e s are used for expo sure a s s e s smen t: one is based
on measurements of expo sure d a t a and the o ther on c a l c u l a t i o n s f r o m more
indir e c t i n d i c a t o r s o f exposure. I n t h e f i r s t a p p r o a c h , exposure d a t aare g a t h e r e d as d i r e c t l y as p o s s i b l e . For e x a m p l e , a p o r t a b l e s a m p l e r
worn by a p er s on may p r o v i d e good measurements of exposure. M o s t
measurement s are l e s s d i r e c t , however, and the a s s e s sor must r e l a t e
measured c o n c e n t r a t i o n s in air, water , or f o o d to absorbed do s e through
some model of the exposure , a b s o r p t i o n , and e l i m i n a t i o n proce s s e s . Theamount of m a t e r i a l pre s ent in the body of the e x p o s e d per son p r o v i d e s an
a d d i t i o n a l way of a s s e s s ing exposure.

The measurement a p p r o a c h is f o u n d e d on real exposure d a t a rather than
on a framework of a s s u m p t i o n s ; however, measurement p r o c e d u r e s are
expens ive and many measurements are u s u a l l y required if g e n e r a l i z a t i o n s
are to be made for a var i e ty of s i t u a t i o n s .

By c o n t r a s t , c a l c u l a t i o n - b a s e d a p p r o a c h e s b eg in w i th l e s s d i r e c t
measurement s of e x p o s u r e , e.g., measurements of p r o d u c t i o n volumes or
chemical a n d p h y s i c a l p r o p e r t i e s . T h e n , u l t i m a t e d i s t r i b u t i o n s o fe xpo sur e s are e s t i m a t e d through a series of c a l c u l a t i o n s or m a t h e m a t i c a l
m o d e l s that a t t e m p t t o r epre s en t the behavior o f the sub s tance . A l t h o u g h
t h i s second a p p r o a c h obviate s t h e need f o r m u l t i p l e measurements o f f i b e rc o n c e n t r a t i o n s , it must d e p e n d on a series of a s s u m p t i o n s and
m a t h e m a t i c a l r e s p r e s e n t a t i o n s tha t may be e x c e e d i n g l y poor d e s c r i p t i o n s
of real phenomena but that must be k ep t r e l a t i v e l y s i m p l e to avoidexce s s ive c o m p u t a t i o n a l co s t s . T h e v a l i d i t y o f t h e input d a t a — w h e t h e r
measured or s i m p l y e s t i m a t e d - — m a y a l s o be que s t i onab l e .

A concep tua l model for d e t e rmining f i b e r exposures is d i s c u s s e d inA p p e n d i x D. T h i s model i s u s e f u l for making rough exposure e s t i m a t e s
when few or no measurements exi s t . It incorporate s a scheme repre s en t ing
commercial and environmental f l o w s o f f i b e r s , i n c l u d i n g such f a c t o r s as
natural occurrence, import s and e x p o r t s , d i s p o s a l , ambientc o n c e n t r a t i o n s , and b i o d i s p o s i t i o n .

The p o s i t i v e f e a t u r e s of both a p p r o a c h e s d e s c r i b ed above cou ld be
combined by c a l i b r a t i n g the c a l c u l a t i o n s aga in s t exposure measurements inknown s i t u a t i o n s and then us ing the m o d e l s to e x t r a p o l a t e or i n t e r p o l a t eto unknown s i t u a t i o n s . I d e a l l y , the actual amount of m a t e r i a l s ent er ingthe human body would be measured for the most common c o n d i t i o n s ofexpo sure encountered , by humans, taking into account d i f f e r e n c e s in expo-sure both over time and by l o ca t i on .
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A S B E S T I P O R M F I B E R S A N D T H E I R S O U R C E S

The m a j o r p r o p e r t i e s o f the a s b e s t i f o r a f i b e r s o f concern to t h i sc o m m i t t e e are de s cr ibed in C h a p t e r 2. F i g u r e 3-2 shows a s i m p l ec l a s s i f i c a t i o n sy s t em f o r f i b e r s with those p r o p e r t i e s . T h i sc l a s s i f i c a t i o n is based on commercial use rather than on other
d i s t i n c t i o n s among the f i b e r s . T h u s , c ommerc ia l ly used asbestos andn a ' t u r a l nonasbes to s f i b r o u s m a t e r i a l s such as a t t a p u l g i t e are shown in
the f i g u r e , whereas f i b r o u s er ioni te , which is not used in commerce, isnot s p e c i f i c a l l y noted. Rather, such f i b e r s are in c luded in the generalcategory "noncommercial natural mineral f iber s ."

A s b e s t i f o r m f i b e r s p r o b a b l y account for the vast m a j o r i t y of the mass
of most of these mat er ia l s . H u g g i n s et al. ( 1 9 6 2 ) ind i ca t e that
v i r t u a l l y a l l a t t a p u l g a t e c o n s i s t s o f a s b e s t i f o r m f i b e r s , even though th e
f i b e r s are short. The c ommi t t e e was unable to d e t ermine whether or notthe mat er ia l c o m m e r c i a l l y e x p l o i t e d as a t t a p u l g i t e i s all f i b r o u s . Byc o n t r a s t , t h e f i b r o u s f o r m o f er ioni t e i s rarer ( T . Z o l t a i , U n i v e r s i t y o fM i n n e s o t a , p er s onal communica t ion, 1983).

T h e r e are many sources o f expo sure to a s b e s t i f o r m f i b e r s . Ina d d i t i o n to e xpo sure s f r o m natural sources, humans are expo s ed dur ing
such a c t i v i t i e s as mining, m i l l i n g , m a n u f a c t u r i n g , use, and d i s p o s a l off i b e r - c o n t a i n i n g p r o d u c t s . Because the c ommi t t e e was asked to s t u d y
nonoccupat ional e xpo sur e s , th i s report is f o c u s s e d on environmentald i s charge s or r e l ea s e s , rather than on exposure s in the workplace .

N a t u r a l l y occurring mineral f i b e r s are a source of exposure throughnatural weathering or human di s turbance of mineral d e p o s i t s . F i b e r s
measured in air far removed f r o m known a sb e s t o s sources ( T h o m p s o n and
Morgan, 1971) or in dr inking water are p r o b a b l y derived l a r g e l y f r o m suchsources.

S i m i l a r l y , mining and m i l l i n g of asbes tos are direc t sources of f i b e r
release into air and, o c ca s i ona l ly , into water. M a n u f a c t u r i n g ofs y n t h e t i c f i b e r s may be cons idered a proce s s that is p a r a l l e l to them i l l i n g o f a sb e s t o s . However, t h e f i b e r s d i s c h a r g e d dur ing m a n u f a c t u r i n gp r o b a b l y repre s ent a s u b s t a n t i a l l y s m a l l e r p o r t i o n o f t h e p r o d u c t i o no u t p u t than would r e su l t f r o m a s b e s t o s m i l l i n g , because o f d i f f e r e n c e s inthe pro c e s s e s and because cost c o n s i d e r a t i o n s p r o b a b l y encourage g r e a t e re f f o r t s to minimize l o s s e s through d i s charge in the p r o d u c t i o n o fs y n t h e t i c f i b e r s .

M a n u f a c t u r e d f i b e r p r o d u c t s can be d i v i d e d into two major c l a s s e s :primary p r o d u c t s and secondary p r o d u c t s . Primary p r o d u c t s are. those maded i r e c t l y f r o m a s b e s t i f o r a f i b e r s (see T a b l e 3-1). T h e d i f f e r e n t f i b e r sand their r e spe c t iv e primary uses are not c o m p l e t e l y in t erchangeable .Secondary p r o d u c t s are made from primary p r o d u c t s . For e x a m p l e , a sbe s to s
p a p e r and cord (primary p r o d u c t s ) may be used for making e l e c t r i c and
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F I G U R E 3-2. C l a s s i f i c a t i o n o f a s b e s t i f o r m f i b e r s .



T A B L E 3-1. Primary P r o d u c t s o f D i f f e r e n t F i b e r T y p e s *

Primary Produc t i n W h i c h F i b r o u s M a t e r i a l i s S u p p l i e d
F i b r o u sM a t e r i a l
C h r y s o t i l e

a s b e a t o s
C r o c i d o l i t e and

other a s b e s t o s
A t t a p u l g i t e
Other natural

f i b e r s
F i b r o u s g l a s s
Rock wool
S l a g wool
Ceramic f i b e r
Carbon f i b e r
Other man-made

f i b e r s

B u l k F r i c t i o nF i b e r s P a p e r Cord T e x t i l e s Blanke t M a t e r i a l
X X X X X

X (minor X (minor
u s e ) u s e )

X X
X

X X X X X
X X
X X
X X X X
X X
X X

A s b e s t o s -Cement
X

X

a ln t h i s and subsequent p r e s e n t a t i o n s , the m a t e r i a l s are assumed to be l a r g e l y
a s b e s t i f o r m . H o w e v e r , , the c o m m i t t e e does not know what p r o p o r t i o n would be
c o n s i d e r e d a a b e s t i f o r m , p a r t i c u l a r l y f o r a t t a p u l g i t e .
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thermal insulation (secondary produc t s) . The major secondary uses ofthese f i b e r s , based on total consumption, are shown in T a b l e s 3-2 and 3-3.

The United S t a t e s imports a p p r o x i m a t e l y 90Z of the asbestos it uses,p r i n c i p a l l y f rom Canada. On the other hand, it produces e s s en t ia l ly allthe a t t a p u l g i t e it uses and exports approx imat e ly 152 of its totalproduc t i on ( U . S . Bureau of Mines , 1982).
The p r o d u c t s that yield the greate s t po t ent ia l for exposure are notneces sarily those produced in the greate s t amounts. Condi t i ons of usealso in f lu enc e exposure p o t e n t i a l . For e xampl e , because the asbes tosf i b e r s in asbestos-cement p i p e are re lat ive ly t i g h t l y bound in theircement matrix (as compared to other uses, such as in insulat ion), theymay present less po t en t ia l for exposure than some other uses. T h e s ed i f f e r e n t exposure p o t e n t i a l s are discussed in the f o l l o w i n g sections forthe various c lasse s of f i b e r s : a sb e s t o s , a t t a p u l g i t e and other naturalf i b e r s , man-made mineral f i b e r s , and other synthet i c f i b e r s .

E X P O S U R E P O T E N T I A L F O R A S B E S T O S
T y p e s o f Exposure

Exposures to asbestos f a l l in the f o l l o w i n g four categories:
• occupational• community (near known sources)• consumer (use of manufactured p r o d u c t s )• general environmental
Occupational Exposure. Because the heaviest exposures to asbestosoccur in the workplace , they have received the most a t t ent ion. There hasbeen particular interest in exposures associated with the f o l l o w i n gact ivi t i e s:

asbestos mining and mi l l ingasbestos product manufac tur ingshipyard activities
i n s t a l l a t i o n and removal of insulation in bu i ld ingsbrake lining manufacturing and replacement

However, these occupational exposures are not of concern in this s t u d yexcept as they provide re ference points and inf luence total exposure inconjunct ion with nonoccupational exposures.
Community Exposures. C l o s e l y related to occupational exposures arecommunity exposures, which encompass exposures of residents incommunities where there are s i g n i f i c a n t industrial . sources of asbestos orother f i b er s . Such sources include m i l l s , asbestos product manufacturingf a c i l i t i e s , and brake manufac turing p lan t s . T h e s e exposures can occur in
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TABLE 3-2. U . S . Consumpt i on of A s b e s t o s F i b e r s in

S e c o n d a r y P r o d u c t s dur ing 1982*

S e c o n d a r y P r o d u c t
Asbestos-cement p i p e
Asbestos-cement sheet
F l o o r i n g p r o d u c t s
R o o f i n g p r o d u c t s
Packing and g a s k e t s
T h e r m a l i n s u l a t i o n
Ele c t r i ca l insulat ion
F r i c t i o n p r o d u c t s
C o a t i n g s and compounds
A l l o ther
T o t a l

Consumption
( t h o u s a n d o f metr ic t o n s )
37.6
10.8
49.0

7.0
13.6
0.2
0.7

52.9
25.0
49.7

246.5

C h r y s o t i l e
( X )

57
100

99+
100

99
0

100
100
100

99
93

a A d a p t e d f r o m U . S . Bureau o f M i n e s , 1983.
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TABLE 3-3. E s t i m a t e d U . S . C o n s u m p t i o n and P r o d u c t i o n

o f S e l e c t e d N o n a s h e s t o s F i b e r P r o d u c t s

F i b e r and Use
A t t a p u l g i t e

D r i l l i n g mud
F e r t i l i z e r s
F i l t e r i n g ( o i l + g r e a s e )
Oil and grease a b s o r b e n t sP e s t i c i d e s and r e l a t e d

p r o d u c t s
Pet waste ab sorbent
M e d i c a l , p h a r m a c e u t i c a l ,

c o sme t i c i n g r e d i e n t
A l l o ther uses
T o t a l

1981 C o n s u m p t i o n
( t h o u s a n d s o f
m e t r i c t o n s )

173.550.218.7
178.2
106.5
105.8

0.06
79.5

R e f e r e n c e s
U . S . Bureau o f M i n e s , 1982

712.46

F i b r o u s g l a s sW o o l
T e x t i l e
F i n e f i b e r
T o t a l

1977 P r o d u c t i o n
( t h o u s a n d s o f
metr i c t o n s )

K i r k - O t h m e r , 1980
K i r k - O t h m e r , 1980
J . Leineweber , M a n v i l l e

C o r p . , p er s ona l
communica t i on, 1983

Mineral wool

Ceramic f i b e r ("current")
H i g h t empera ture i n s u l a t i o nA l l othersT o t a l

Carbon f i b e r ( i n c l u d i n g uses
in aerospace s t ru c tur e s ,
automotive s t ru c tur e s , ands p o r t i n g g o o d s )

E s t i m a t e d AnnualP r o d u c t i o n
( t h o u s a n d s o fmetric t o n s )
200

20_1
21

J . D . C o r n e l l , U . S . G y p s u m
Co., p er sonal communi-
cat ion, 1983

W . J . Brei t sman, Carborundum
C o r p . , per sonal .communi-
cat ion, 1983

U . S . Bureau o f M i n e s , 1982

0.56
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a variety of ways. Fiber s may be transport ed near the source via air andwater or liberated from the c lo thes of a household member who works withthe f i b r ou s material. Community exposures are sometimes grouped withgeneral environmental exposures.

S u t a and Levine (1979) have i d e n t i f i e d eight t y p e s of f a c i l i t i e s thatlead to community exposures to asbes tos:
mines and mi l l sf r i c t i o n product p l a n t sgasket, packing, or insulation p lant sasb e s t o s - t e x t i l e p l a n t sasbestos-cement p l a n t sasbestos vinyl f l o o r i n g p lan t sr o o f i n g p r o d u c t s p l a n t sasbes tos paper p l a n t s

Mines and m i l l s are usually s i tua t ed close to one another in ruralcommunities. In the U n i t e d S t a t e s , all the m i l l s are located within100 km of the mine. According to the U.S. Bureau of Mines (1983), fouractive asbes to s mining and mi l l ing operat ions exi s t ed in the Unit edS t a t e s in 1980, and there were three in 1982. The other f a c i l i t i e sl i s t ed above can be located in either urban or rural s e t t ings . Thos es i tua t ed in or near urban areas have the greate s t p o t e n t i a l for expo s inglarge numbers of p e o p l e .
Consumer Exposures. T h e s e exposures result f r o m the use of s p e c i f i cp r o d u c t s ou t s id e the workplac e . For e x a m p l e , the wear of vinyl a sbe s to sf l o o r t i le can liberate d e t e c t ab l e levels of asbestos into room air, ascan di s turbance of old i n s t a l l e d asbe s to s insulat ion ( S e b a s t i e n et a l . ,1982). Other sources have included hair dryers and other e l e c tro thermala p p l i a n c e s , which have been known to release asbestos in breathable f o r m(Organizat ion for Economic Coopera t i on and Deve lopment , 1982). Ricecoated with talc has been reported to contain f i b e r s that were a p p a r e n t l yasbestos ( B l e j e r and Arlon, 1973), presumably because the ta l c containedsuch f i b e r s . A s b e s t o s f i b e r s have also been reported in beer and wine(Cunningham and P o n t e f r a c t , 1973) as well as in drinking water as aresult o f migration f r o m asbestos-cement p i p e (American W a t e r WorksA s s o c i a t i o n , 1974). Because both natural and waste asbes tos can alsoreach drinking water through contamination of its source, drinking wateris usually c l a s s i f i e d as an exposure f r o m the general environment.
The Asbe s t o s I n f o r m a t i o n Assoc ia t i on ( 1 9 7 5 ) has reported more than3,000 uses for asbestos. Many of these are probably h y p o t h e t i c a l , manyothers entail very small quantit ie s of asbestos and neg l ig ib l e po tent ialfor exposure, and yet other uses have d i sappeared over time.N e v e r t h e l e s s , there are scores and p o s s i b l y hundreds of s i gn i f i can t uses,most of which relate to the p r o p e r t i e s l i s t e d below:
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thermal i n s u l a t i o n
e l e c t r i c a l in su la t i onchemical inertnesst e n s i l e s t r e n g t h
a b i l i t y to act as a f i l t e r

As shown in T a b l e 3-2, the l a r g e s t q u a n t i t i e s of a s b e s t o s are used in
the f o l l o w i n g p r o d u c t s : .

asbe s to s-cement sheet and p i p e
f l o o r i n g p r o d u c t s , e.g., vinyl a s b e s t o s t i l ef r i c t i o n p r o d u c t s , e.g., brake and c l u t c h l i n i n g spack ing and g a s k e t s
c o a t i n g s , e.g., p a t c h i n g compoundsr o o f i n g p r o d u c t s

T h e s e p r o d u c t s accounted f o r a lmo s t 9 O X o f U . S . c o n s u m p t i o n o f a s b e s t o s
in 1982. Some a p p l i c a t i o n s may have led to s u b s t a n t i a l earlier e xpo sur e s
through uses in f i l t r a t i o n o f parenteral d r u g s , f i l t e r s f or c i g a r e t t e s ,
and i n s u l a t i o n for home a p p l i a n c e s such as hair dryers. Large amounts ofa s b e s t o s were a l s o f o r m e r l y used in spray i n s u l a t i o n for s truc tural
s t e e l , e s p e c i a l l y in commercial and indus tr ia l b u i l d i n g s and in ships .

N o n o c c u p a t i o n a l expo sure s a t t r i b u t a b l e to the use o f m a n u f a c t u r e dp r o d u c t s have o f t e n been assumed to be r e l a t i v e l y low, because almost all
these p r o d u c t s contain a s b e s t o s in a b i n d i n g matr i x , such as cement,p l a s t i c , rubber, or resin. However, exposures can occur if f i b e r s arel i b e r a t e d f r o m these matrice s through such occurrences as t r a f f i c on
a sb e s t o s f l o o r i n g , wear of brake l i n i n g s , 1 and abrasion or l ea ch ing
f r o m p i p e or paper . The Consumer Product S a f e t y Commission i s
u n d e r t a k i n g s t u d i e s to de t ermine the amounts of a s b e s t o s that might be
re l ea s ed during t y p i c a l consumer use of some p r o d u c t s (P. W h i t e , Consumer
P r o d u c t S a f e t y Commis s i on , personal communication, 1983). I n a d d i t i o n ,f i b e r s are o f t e n released during the d i s p o s a l o f asbes tos p r o d u c t s * For
exampl e , d emol i t i on and renovation of asbe s to s-insulated b u i l d i n g s may
re su l t in e l evat ed transient concentrat ions of f i b e r s i f p r o p e r precau-
t i on s are not taken.

Exposure s to a s b e s t o s may a l so re sul t f r o m the use of p r o d u c t s madef r o m asbe s to s-contaminated substances. One example is t a l c , w i d e l y used
as a p i g m e n t , ex t ender, or proce s s ing aid in ceramic t i l e , p a i n t , p a p e r ,p l a s t i c s , and, in s m a l l e r q u a n t i t i e s , as a component of cosmetic p o w d e r s ,f o o d s , drugs, p e s t i c i d e s , and many other produc t s . A l t h o u g h t a l c s can bev i r t u a l l y f r e e of f i b r o u s m a t e r i a l s , they have a l so been reported to

*The mater ial re l ea sed f r o m brake l i n i n g s is in large part t h e r m a l l yal t ered (Rarben, 1980).
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contain a s b e s t o s f i b e r s ? in q u a n t i t i e s sometimes c o n s t i t u t i n g a lmos t
one-hal f the t o t a l p r o d u c t weight (Dement and Z u m w a l d e , 1979)* T a l c u m
powders have a l s o been r e p o r t e d to conta in measurab l e amounts of a s b e s t o s
(Rohl e£ a_l., 1 9 7 6 ) . Because more than 800 metr ic tons of t a l c areconsumed a n n u a l l y i n t h e U n i t e d S t a t e s ( U . S . Bureau o f M i n e s , 1 9 8 2 ) ,
e xpo sure s to a s b e s t o s may occur through these various uses. A n o t h e r
c o m m e r c i a l l y impor tan t natural subs tance tha t c o u l d be c on tamina t ed wi th
a s b e s t o s i s v e r m i c u l i t e (Bank, 1980).

General Environmental E x p o s u r e s . T h e s e exposure s are u s u a l l y
a t t r i b u t a b l e to f i b e r s in ambient air and d r i n k i n g water. To a l e s s e r
e x t e n t , they have r e s u l t e d f r o m i n g e s t i o n of f o o d and beverages.
A s b e s t o s f i b e r s in air may r e s u l t f r o m human a c t i v i t i e s and f r o m natural
w e a t h e r i n g of a s b e s t o s d e p o s i t s . Drinking water may be c on taminat ed by
l e a c h i n g f r o m rocks, by d e p o s i t i o n of airborne a s b e s t o s , or by r u n o f f
f r o m dumps or ore d e p o s i t s .

U n l i k e community e x p o s u r e s , e xpo sure s to a s b e s t o s in the general
environment cannot be c l e a r l y i d e n t i f i e d with a causative human
a c t i v i t y . However , general environmental c o n c e n t r a t i o n s may come f r o mnatural sources or f r o m the t r a n s p o r t of f i b e r s f r o m human sources manyk i l o m e t e r s away.

The two p r i n c i p a l route s of exposure to a s b e s t o s in the general
environment are inha la t i on of ambient air and, in some areas, inge s t i on
of d r i n k i n g water. ( A f t e r clearance f r o m the lung , some of the inhaled
a s b e s t o s i s a l s o swa l l owed wi th mucous s e c r e t i on s f r o m the r e s p i r a t o r y
t r a c t . ) Exposure s through the skin and p o s s i b l e inge s t i on of a sbe s to s inf o o d s are pre sumed to be much l e s s i m p o r t a n t .

Only the f i n e r f i b e r s remain su spended in ambient air for longt imes. T h e r e f o r e , general environmental e xpo sur e s to a s b e s t o s e n t a i l a
l a r g e r p r o p o r t i o n o f f i n e f i b e r s than do o c c u p a t i o n a l or communityexposures. Such exposures al so occur 24 hours per day throughout they e a r — a t o t a l of 8,760 hours per y e a r — i n contras t to about 1,800 hoursper year for o c c u p a t i o n a l e xpo sur e s and shor t , i n t e r m i t t e n t e xpo sur e s
f r o m p r o d u c t use.

The a s b e s t o s content of d r i n k i n g water is h eavi ly i n f l u e n c e d by the
character of the rocks and s o i l s present in the water s u p p l y basin.A n o t h e r source i s asbestos-cement water p i p e . The re l ease o f f i b e r s f r o m
that source a p p e a r s to be r e l a t i v e l y slow under some c o n d i t i o n s( H a l l e n b e c k , 1978), but may be c o n s i d e r a b l e if the water is aggre s s iv e to
asbestos-cement p i p e (Buelow et a l . , 1980; M i l l e t t e et a_l., 1979a).Dis charge o f a s b e s t o s - con ta in ing waste s in to water s u p p l i e s could l ead to
2 S a m p l e s o f t a l c mined in New York S t a t e contained t r e m o l i t e and otherp a r t i c l e s wi th a s p e c t ra t io s grea t er than 3:1. It i s p o s s i b l e that most

of the se are not a s b e s t i f o r o f i b e r s , as d e f i n e d by th i s commit t ee
( T . Z o l t a i , U n i v e r s i t y o f M i n n e s o t a ; R . C l i f t o n , Bureau o f M i n e s ,personal communication, 1983).
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high l o ca l c o n c e n t r a t i o n s , but such i n c i d e n t s have been i n f r e q u e n t l yr e p o r t e d . C r o f t ( 1 9 8 2 ) ha s s u g g e s t e d tha t a s b e s t o s f i b e r s in t ap water
may enter ambient air in r e s idence s as the water is sprayed or evapora t e sf r o m the f a u c e t .

A s b e s t o s a p p e a r s to d e g r a d e in the environment e x c e e d i n g l y s l o w l y .
However, mechanical f o r c e s may break the f i b e r s into succe s s ive ly s m a l l e rp a r t i c l e s . A t t a c k by a c i d i c waters in the environment is p o s s i b l e , and
some thermal d e c o m p o s i t i o n may take p l a c e . D e c o m p o s i t i o n is l i k e l y when
a s b e s t o s - c o n t a i n i n g wa s t e s a r e in c inera t ed ( C o g l e y e j t a K , 1982). T h e
d e p o s i t i o n and eventual burial of f i b e r s in s o i l s and s e d i m e n t s are
p r o b a b l y the m a j o r natural pro c e s s e s by which a s b e s t o s l eave s the ambientenvironment.
Q u a n t i t a t i v e Exposure E s t i m a t e s

It i s d i f f i c u l t t o make q u a n t i t a t i v e e s t i m a t e s o f e xpo sure t o
a s b e s t o s . A common unit of c u m u l a t i v e dose for o c c u p a t i o n a l e x p o s u r e s i s
o b t a i n e d by m u l t i p l y i n g the average c o n c e n t r a t i o n of f i b e r s in w o r k p l a c e
air by the number of years that an i n d i v i d u a l worked there ( f u l l - t i m ee q u i v a l e n t ) . The c o n c e n t r a t i o n of f i b e r s in w o r k p l a c e air i s e xpr e s s edas f i b e r s >5 urn l o n g / c m ^ , as counted by the l i g h t micro s cope (IM) unders p e c i f i e d c o n d i t i o n s ( U . S . N a t i o n a l I n s t i t u t e f o r Occupat ional S a f e t y a n d
H e a l t h , 1 9 7 7 ) . A convenient way o f a b b r e v i a t i n g t h i s e xpr e s s i on o f
e xpo sur e is ( f i b e r s / c m 3 ) y r . However , as d i s c u s s e d more e x t e n s i v e l y in
C h a p t e r 5, cumula t ive expo sure measures do not take into account dose
rate per unit t ime , d u r a t i o n of e x p o s u r e , and ages at exposure. T h e s e
three f a c t o r s , p a r t i c u l a r l y the th ird one, could be very impor tant ind e t e r m i n i n g e f f e c t s o n h e a l t h .

A n o t h e r measure o f exposure that a l l o w s comparison o f d i f f e r e n t
e xpo sur e s i t u a t i o n s i s e x p r e s s e d a s " l i f e t i m e f i b e r s . " T h i s q u a n t i t y i s
d er ived by i n t e g r a t i n g over time the p r o d u c t of f i b e r c onc en tra t i on s in
media such as air and water (which are the sources of e x p o s u r e ) and theintake rates of tho se sources. Some of the f i b e r s inhal ed are soon
e xha l ed and, thu s , are not a v a i l a b l e for r e t en t ion in the body. Because
the e xha l ed p o r t i o n has not been s p e c i f i c a l l y d e t ermined and because thatp o r t i o n is presumed to be r ea sonably u n i f o r m over all i n h a l a t i o n expo sures i t u a t i o n s , the committee did not a p p l y any a d j u s t m e n t f a c t o r s inc a l c u l a t i n g l i f e t i m e f i b e r s . S i m i l a r l y , t h e m a j o r i t y o f f i b e r s i ni n g e s t e d water p r o b a b l y p a s s through the d i g e s t i v e tract wi thout
p e n e t r a t i n g i t s l in ing. T h e c o r r e s p o n d i n g a d j u s t m e n t f a c t o r f o rd e t e r m i n i n g l i f e t i m e f i b e r s f r o m th i s source a l s o i s not known, but wouldp r o b a b l y b e d i f f e r e n t f r om that f o r inha la t i on . T h i s d i f f e r e n c e shouldbe remembered when i n t e r p r e t i n g the f o l l o w i n g c a l c u l a t i o n s .

When i n t e r p r e t i n g h e a l t h e f f e c t s in format ion obtained f rom occupa-t ional s t u d i e s , it may be necessary to convert nonoccupat ional expo sure sto equivalent o c c u p a t i o n a l dose e xpre s s ed in ( f i b e r s / c m 3 ) y r . To do so,the number of l i f e t i m e f i b e r s is d i v i d e d by the volume of air inhaled at
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work in 1 year. If one were to assume an inhalat ion rate of a p p r o x i -
m a t e l y 10 n»3 air per 8-hour workday ( I n t e r n a t i o n a l Commiss ion onR a d i o l o g i c a l P r o t e c t i o n , 1 9 7 5 ) and 200 workdays per year, the amount ofair inhaled each work year would be a p p r o x i m a t e l y 2,000 n>3, or 2 x
10^ cm3. T h e r e f o r e , a p p r o x i m a t e l y 2 x 10* l i f e t i m e f i b e r s wou ld beinha l ed dur ing an o c c u p a t i o n a l exposure of 1 f i b e r / c m ^ for 1 year. To
extend t h i s c a l c u l a t i o n , as many as 4 x 10? f i b e r s would be inha l eda n n u a l l y by a worker exposed to air c on ta in ing the U . S . Occupa t i ona lS a f e t y a n d H e a l t h A d m i n i s t r a t i o n ( O S H A ) s tandard o f t w o L Mf i b e r s / c m 3 — a count based on f i b e r s >5 ym long counted with a l i g h t
micro s cope .3 A working l i f e t i m e expo sure to 2 f i b e r s / c m 3 c o u l d
conce ivab ly re su l t in i n h a l a t i o n of 2 x 10H f i b e r s ; however, the
number o f p e o p l e r e c e n t l y being e x p o s e d to such q u a n t i t i e s i s p r o b a b l y
qui t e s m a l l - — p e r h a p s a few t h o u s a n d . O c c u p a t i o n a l exposure s of 10̂ 0 to
I Q l l l i f e t i m e f i b e r s may accrue t o a f ew hundred thousand p e o p l e , andp e r h a p s a m i l l i o n or so others may be e xpo s ed to 10? l i f e t i m e f i b e r sthrough p e r i p h e r a l sources ( D a l e y e_t. a_l., 1976).

At the other end of the sp e c t rum, S u t a and Levine ( 1 9 7 9 ) , whosummarized a great deal of d a t a r e l a t e d to a s b e s t o s expo sure have
e s t imat ed that the rural U . S . p o p u l a t i o n (60 m i l l i o n p e o p l e ) might bee x p o s e d to c o n c e n t r a t i o n s ranging f r o m 0.01 to 0.1 ng/m3. T h e ye s t i m a t e f u r t h e r that t h e urban U . S . p o p u l a t i o n — p e r h a p s 1 7 0 m i l l i o n
p e o p l e — i s e x p o s e d to a s b e s t o s c o n c e n t r a t i o n s higher than 1 ng/m3 in
ambient air. S p u r n y e t a l . ( 1 9 7 9 ) a l s o p r e s e n t e d d a t a showing f i b e r
c o n c e n t r a t i o n s of a p p r o x i m a t e l y 1 n g / m 3 . If we choose a nominal
conversion of 30 IN f i b e r s per nanogram,^ an annual inhaled air volume
of 7,300 m3 (20 m 3 / d a y x 365 d a y s ) , and a 70-year l i f e s p a n , a
l i f e t i m e expo sure c o u l d reach 10^ to 10& f i b e r s for rural d w e l l e r s
and 10? f i b e r s for the l e s s exposed urban d w e l l e r s . V i r t u a l l y none ofthe p o p u l a t i o n would exper i ence l i f e t i m e e xpo sure s as h igh as 10?f i b e r s .

H o s t community exposure s might average about 10& LM l i f e t i m e f i b e r sfor p e r h a p s 15 m i l l i o n p e o p l e , a f i g u r e c on s i s t en t wi th the d i s t r i b u t i o nof ambient a ir exposure s ( S u t a and Levine, 1979). For e x a m p l e , p e o p l el iv ing near metal mines that contain a sb e s t o s - contaminat ed ores mightexper i ence such l e v e l s (Bank, 1980; Kuryvia l e_t al^., 1 9 7 5 ) , whereasp e o p l e l iving very near asbe s to s mines and m i l l s would probab lyexper i ence c o n s i d e r a b l y higher l ev e l s .
Exposures in a s b e s t o s - i n s u l a t e d school b u i l d i n g s have caused

c o n s i d e r a b l e concern. A s b e s t o s c onc en tra t i on s in schoolroom air havebeen e s t i m a t e d to range f r o m a p p r o x i m a t e l y 10 to more than 1,000 ng/n>3

3ln early November 1983, OSHA issued an emergency t emporary s t andard(ETS) for workplace a sbe s to s that lowered th e p e r m i s s i b l e exposure t o0 . 5 f i b e r s / c m 3 ( U . S . O c c u p a t i o n a l S a f e t y a n d H e a l t h A d m i n i s t r a t i o n ,1983), but la t er in the month a s tay was issued on the ETS.
^The commit t e e used th i s conversion f a c t o r wh i l e recognizing i t svar iab i l i ty (Schneiderman e£ aJL., 1981).



63
( N i c h o l s o n e£ aU , 1978; U . S . Environmental P r o t e c t i o n A g e n c y , 1980).
Assuming that 1 ng/n»3 contains 30 LM f i b e r s , that exposure occursduring 1,000 hours of school year ly for 12 years of s c h o o l , and that the
br ea th ing rate is a p p r o x i m a t e l y 0.7S o^/hr , one would e s t i m a t e theexpo sure s to range f r o m a p p r o x i m a t e l y 3 x 10^ to 3 x 10& l i f e t i m ef i b e r s for the 2 to 6 m i l l i o n s t u d e n t s a t t e n d i n g such s chool s . The100,000 to 300,000 teachers in those s choo l s could accrue higher l i f e t i m e
do s e s f r o m the se c onc en tra t i on s ( U . S . Environmental P r o t e c t i o n A g e n c y ,
1980).

T h e r e are f ew measurement s or c a l c u l a t i o n s for e s t i m a t i n g e xpo sur e s
f r om the use of manufac tured p r o d u c t s . In one s t udy , S e b a s t i e n et al.
( 1 9 8 2 ) r e p o r t e d c o n c e n t r a t i o n s of a p p r o x i m a t e l y 30 ng/m^ in the indoor
air o f b u i l d i n g s wi th vinyl a s b e s t o s f l o o r i n g . T h i s c oncentrat ion i sconverted to a l i f e t i m e expo sure of a p p r o x i m a t e l y 5 x 10 ^ f i b e r s ,
as suming 2,000 hours of e xpo sure a n n u a l l y over 40 years. In another
r e p o r t , Le Guen and Burdet t ( 1 9 8 1 ) recorded concentrat ions as high as
10 n g / m 3 in p u b l i c b u i l d i n g s wi th a s b e s t o s i n s u l a t i o n . M o s t otherp r o d u c t e xpo sur e s would be much l e s s f r e q u e n t or p r o l o n g e d , a l t h o u g h
p o s s i b l y o f h igher i n t e n s i t y . T h u s , a l t h o u g h some uses o f m a n u f a c t u r e dp r o d u c t s may r e su l t in p e o p l e being e x p o s e d to r e l a t i v e l y h igh f i b e rc onc en tra t i on s , use of manufac tur ed p r o d u c t s p r o b a b l y does not contr ibu t e
g r e a t l y t o th e l i f e t i m e e x p o s u r e o f th e average urban d w e l l e r .

E x p o s u r e s to a s b e s t o s in dr ink ing water may have an impac t on human
h e a l t h . A c o m m i t t e e o f the N a t i o n a l Research Counc i l ( 1 9 8 3 ) hassummarized several s t u d i e s on th i s s u b j e c t . In C o n n e c t i c u t , exposures
ranged f rom 10^ to 7 x 10-* e l e c t r o n - m i c r o s c o p e f i b e r s per l i t e r , ora p p r o x i m a t e l y 170 to 12,000 LM f i b e r s per l i t e r . In San F r a n c i s c o ,
c o n c e n t r a t i o n s as h igh as 3 x 10^ LM f i b e r s / l i t e r have been r e p o r t e d ,
and in the Puge t Sound area, l e v e l s ranging f r o m about 105 to 3 x 10^LM f i b e r s / l i t e r were f o u n d . At an annual water consumption rate of 500l i t e r s for 70 years, l i f e t i m e e xpo sure s could run from 6 x 10& to

f i b e r s .
S u t a and Levine ( 1 9 7 9 ) reported that a s b e s t o s mass c oncen tra t i on s in

dr inking water ranged from a high of about 100 u g / l i t e r to l e s s than
0.01 P g / l i t e r . Some of the d a t a f r o m which t h i s d i s t r i b u t i o n wasc a l c u l a t e d are s u sp e c t . If taken a t f a c e va lu e , however, these d a t a
sugge s t a l i f e t i m e i n g e s t i o n of 4 x 107 to 4 x 1011 LM f i b e r s ,as suming 30 f i b e r s /ng and an annual water c o n s u m p t i o n of about 500
l i t e r s . A p p r o x i m a t e l y 10Z of the p o p u l a t i o n (23 m i l l i o n p e o p l e ) would
receive l i f e t i m e exposure s greater than 10? f i b e r s , and not much more
than 1Z (2 m i l l i o n ) would receive l i f e t i m e exposures grea t er than 10*®f i b e r s . N e v e r t h e l e s s , these expo sure s — in terms of f i b e r s i n g e s t e d — aregreater than the l i f e t i m e exposure s f r o m i n h a l a t i o n of ambient air. As
noted in C h a p t e r s 5 and 6, however, it has been d i f f i c u l t to documentadverse h e a l t h e f f e c t s o f inge s t ed a sbe s to s .
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I n g e s t i o n of asbestos in f o o d s probably does not cons t i tu t e a large

port ion of t o ta l exposure. For e x a m p l e , Cunninghan and P o n t e f r a c t ( 1 9 7 3 )
found 1 to 10 m i l l i o n e l e c t ron microscope f i b e r s per l i t e r of variousbeverages. T h i s is a p p r o x i m a t e l y 0.02 to 0.2 m i l l i o n IM f i b e r s / l i t e r , arange s i m i l a r to that for dr ink ing water. However , some of the f i b e r sf ound in beverages p r o b a b l y or ig inated f r o m f i l t e r s used in pro c e s s ing .

R e l a t i v e C o n t r i b u t i o n s of Various Source s . M e y l a n e£ ml. ( 1 9 7 9 )
p r e s e n t e d d a t a s u g g e s t i n g that a s b e s t o s p r o d u c t i o n , use, and d i s p o s a lcould resul t in annual emis s ions of 100 to 300 metric tons into the airand 50 to 100 metric tons to sur face water. The upper f i g u r e s reportedby these inve s t iga tor s are based on the a s sumpt ion that the incinerationof a sbe s to s-containing wastes is a major source of e m i s s i o n s — a nas sumpt i on that is probab ly not j u s t i f i e d because some of the asbestos isl i k e l y to undergo thermal breakdown, which occurs as a f u n c t i o n oft empera tur e and type of f i b e r . C o g l e y et al. ( 1 9 8 2 ) e s t i m a t e d thatm a n u f a c t u r i n g pro c e s s e s d i s c h a r g e a p p r o x i m a t e l y 100 metric tons ofa s b e s t o s into the air each year and about the same amount into water.T h e y believe that emis s ions into air f r om d i s p o s a l a c t i v i t i e s are minor.
They a l s o e s t i m a t e d that air emis s ions f r o m mining and m i l l i n g couldreach 1,400 metric tons per year.

A l t h o u g h none of these e s t imat e s have been reported to be veryaccurate , they can be used to check the reasonableness of ambientmeasured concentrat ions . A 1-km-thick layer of air over the 48
cont iguou s U n i t e d S t a t e s c onta ins about 1016 m 3 of air, and all therivers in the country d i s c h a r g e about 2 x 10*5 l i t e r s of water per year(Brown et a l . , 1976). Assuming that the air mass moves across the U n i t e dS t a t e s in about 5 or 6 days (1.5* of a year), then about 1.5Z of theannual asbes tos d i s charge s f r o m m a n u f a c t u r i n g and use would y i e ldconcentrations in th i s air layer of about 0.2 to 0.5 ng/m 3 and miningand m i l l i n g would y i e l d up to 2 ng/m 3 . Assuming that wet and dryd e p o s i t i o n would remove most of the asbe s to s on the rest of its wayaround the world in a p p r o x i m a t e l y 1 month, the measured variation from
0.01 ng/m 3 to 1.0 n g / m 3 in air far f r o m indus t r ia l sources could wel lbe e x p l a i n e d by the d i s charge s e s t i m a t e d .

Discharge s f r o m manufac ture and use p r i m a r i l y involve p a p e r or
f r i c t i o n p r o d u c t s such as brake l i n i n g s . A d d i t i o n a l d i s c h a r g e s wouldresult f r om the natural weathering of d e p o s i t s or incidental uses ofasbestos such as in road s u r f a c i n g ( S e r r a and Connor, 1981). Thedischarges f rom mines and m i l l s , which consist of f i b e r s and bundle slarger than those f rom other sources, are presumably d e p o s i t e d r e l a t i v e l yclose to their sources and do not contribute as much to general ambientconcentrations.

If al l d i s charge s into water were c o n f i n e d to rivers, the average
concentrat ion would s i m p l y be the quotient of the d i s charge rate and the
a g g r e g a t e river f l o w rate, or a p p r o x i m a t e l y 0.02 to 0.05 y g / l i t e r . Thel a t t e r f i g u r e is c lose to the median value e s t i m a t e d by S u t a and Levine
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( 1 9 7 9 ) . However, s e d i m e n t a t i o n as w e l l as d i s c h a r g e s into lakes wouldreduce the average concentration, s u g g e s t i n g that natural sources off i b e r s such as s erpent ine d e p o s i t s may be r e s p o n s i b l e for a s i g n i f i c a n t
amount of the waterborne a sbe s to s . Of the sources a t t r i b u t a b l e to humana c t i v i t y , asbe s to s p a p e r m a n u f a c t u r i n g appears to account for the l arge s t
amount ( M e y l a n e£ a l . , 1978). A s b e s t o s - c e m e n t is a l s o a large
c o n t r i b u t o r ( C o g l e y e£ j d . , 1982).

A c c u r a c y , U n c e r t a i n t y , a n d R e l i a b i l i t y o f E s t i m a t e s . T h e e s t i m a t e s
of a s b e s t o s e xpo sure s d i s c u s s e d above are based on a series of d a t a
i n p u t s , a s s u m p t i o n s , m o d e l s , and c a l c u l a t i o n s that are i n d i v i d u a l l y and
c o l l e c t i v e l y rather tenuous. As noted in C h a p t e r 4, many d i f f i c u l t i e s
accompany a t t e m p t s to measure l e v e l s of a s b e s t o s and to convert various
measurements to c o m p a r a b l e unit s . One a n a l y t i c a l chemist (D. M. C o u l s o n ,
per sonal communicat ion, 1 9 8 2 ) has s t a t e d that a given labora tory report
is at best a b a l l p a r k e s t ima t e and that in t e r labora t ory variations of
several hundred p er c en t are not unusual.

A p a r t i c u l a r l y c r i t i ca l a s sumpt i on is that dose measured in either
fibers/cm? m u l t i p l i e d by years of exposure or in t o t a l l i f e t i m e f i b e r s
i s th e b i o l o g i c a l l y s i g n i f i c a n t exposure var iab l e . T h u s , t h e commit t e edid not a t t e m p t to e s t i m a t e d e t a i l s of the exposure p a t t e r n over time.
In C h a p t e r 7, it is shown that t h i s a s s u m p t i o n p r o v i d e s a reasonably good
fit to the d a t a when a s s e s s i n g lung cancer r i sk s , but that age at f i r s t
expo sure and dura t i on of exposure may be more impor tant for mesothel iomarisks.

The e s t i m a t e s are a l s o based on the a s s u m p t i o n that e xpo sur e s arecons tant over p e r i o d s as l ong as 20 to 70 years. Given the rise and f a l lof the a s b e s t o s i n d u s t r y , such an a s s u m p t i o n is u n l i k e l y to be g e n e r a l l y
true. If most of the measurements were taken at t imes of high p r o d u c t i o n
and use ra t e s , the l i f e t i m e exposure e s t i m a t e s c ou ld be g r o s s l y
e x a g g e r a t e d .

The e s t i m a t e s of p o p u l a t i o n s at risk are a l s o crude. For e x a m p l e , no
d e t a i l s of l i v ing , s h o p p i n g , and working p a t t e r n s were inc luded ine s t i m a t e s of exposure s to airborne c onc en t ra t i on s and no f i r mr e l a t i o n s h i p s were e s t a b l i s h e d between the content of water s u p p l i e s , the
content of de l ivered tap water, and the actual p o p u l a t i o n s consuming them.

The i n e v i t a b l e conclus ion is that errors in e s t i m a t i n g the l i f e t i m ef i b e r exposures for the various exposed p o p u l a t i o n s could be very large.D i f f e r e n c e s between the l ea s t expo s ed and most expo s ed persons in a givenp o p u l a t i o n could e a s i l y be several orders of magni tud e , and even theaverage exposure of the p o p u l a t i o n could be cons iderab ly in error.A l t h o u g h the size of a s p e c i f i c p o p u l a t i o n with known exposure c o n d i t i o n scan be e s t ima t ed with more c e r t a i n t y , it too can be s u b s t a n t i a l l y inerror. The d i v e r s i t y of uncer ta inty f a c t o r s and the lack of measurementof their v a r i a b i l i t y make quant i ta t ive uncer ta in ty e s t imat e s unt enab l e ,e x c ep t in a very s u b j e c t i v e way. T h u s , the numbers c i t ed in the previous
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s e c t i ons can be used only to sugge s t where a t t e n t i o n should be f o c u s s e d ,not to gu ide f i r m d e c i s i on s . T h e y are u s e f u l , however, in i n d i c a t i n g the
current best e s t i m a t e s of the r e l a t i v e l e v e l s of exposure in d i f f e r e n ts i t ua t i on s . N o t e that the d e f i c i e n c i e s in e s t i m a t i n g p a s t e xpo sur e s leadt o u n c e r t a i n t i e s r e g a r d i n g t h e do s e-re sponse r e l a t i o n s h i p s f o r h e a l t h
e f f e c t s .

T r e n d s . L i t t l e can be said about t r end s in expo sure s to a s b e s t o s .O c c u p a t i o n a l and r e l a t e d e xpo sure s increased r a p i d l y a f t e r about 1940 andthen decrea s ed in the 1960s a f t e r risk f a c t o r s a s s o c i a t ed wi th suchexpo sure s became known. R e g u l a t o r y s t a n d a r d s and a d e c l i n e in the demandfor a s b e s t o s p r o d u c t s have led to lower o c cupa t i ona l exposure s and
p o s s i b l y to a r educ t i on in community and general environmental
e x p o s u r e s . ( S e e F i g u r e 1-1; U . S . Environmental P r o t e c t i o n A g e n c y , 1982 .)

For m a n u f a c t u r e d p r o d u c t s , the. t r e n d s may be mixed. S p r a y a s b e s t o s
i n s u l a t i o n is no l o n g e r be ing i n s t a l l e d , and many of the f i l t r a t i o n anda p p l i a n c e i n s u l a t i o n uses have d imin i sh ed or s t o p p e d (Consumer P r o d u c t
S a f e t y C o m m i s s i o n , 1983). Some uses have c o n t i n u e d , p a r t l y because o f
assumed low emiss ion p o t e n t i a l s or lack of adequate s u b s t i t u t e m a t e r i a l s ,
for e x a m p l e , in vinyl t i l e s , brake l i n i n g s , and asbes tos-cement water
p i p e .

A f t e r d i s p o s a l o f a s b e s t o s - c o n t a i n i n g p r o d u c t s , e s p e c i a l l y o l d
i n s u l a t i o n and b u i l d i n g m a t e r i a l s , f i b e r s f o r m e r l y bound in a matr ix may
be l i b e r a t e d . T h i s d i s p o s a l - r e l a t e d exposure c ou ld continue to increasefor many years if secure burial or d e c o m p o s i t i o n techniques are not
used. O v e r a l l , t h e d i s t r i b u t i o n o f l i f e t i m e e x p o s u r e s w i l l p r o b a b l y
s h i f t toward lower l e v e l s , a l t h o u g h t h e growth o f t h e p o p u l a t i o n w i l l
increase the number of p e o p l e at risk . f o r each c l a s s of exposure.

P o p u l a t i o n Exposures . S o c i e t a l risk d e p e n d s both on the l e v e l s ofri sk c o r r e s p o n d i n g to the i n d i v i d u a l exposure l e v e l s and on the number ofp e o p l e so e xpo s ed . If risks are propor t i ona l to l i f e t i m e f i b e re xpo sur e s , as the l inear do s e-re sponse m o d e l s assume, then r e l a t i v es o c i e t a l risk can be mode l ed by m u l t i p l y i n g the various exposure l e v e l s
by the number of e x p o s e d persons. The same re su l t can be ob ta ined bya d d i n g the l o g a r i t h m s o f the two v a r i a b l e s — a natural procedure for
numbers that range over many orders of magni tude . If the exposure l e v e l sand p o p u l a t i o n expo s ed to each level are p l o t t e d on l o g - l o g g r a p h p a p e r
(as in Figure 3-3), then the diagonal l ines are i s o p l e t h s of equivalentt o t a l p o p u l a t i o n expo sure , measured a s l i f e t i m e f i b e r s f o r t h e p a r t i c u l a rp o p u l a t i o n . The i s o p l e t h s would a l s o d e l i m i t regions o f equivalentso c i e ta l risk, with p o i n t s near the vert ical axis r epre s en t ing lowexposure s of l arge numbers of p e o p l e and p o i n t s near the horizontal axisi n d i c a t i n g high exposures to few p e o p l e . In genera l , the f u r t h e r awayf r o m the lower l e f t - h a n d corner, the higher the soc i e tal risk. Thehorizontal axis ind i ca t e s individual exposure.
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FIGURE 3-3. E s t i m a t e d l i f e t i m e e xpo sure s and numbers of p e o p l e in
various groups p o t e n t i a l l y e xpo s ed t o a sb e s t o s . The p o i n t s
represent a p p r o x i m a t e e s t i m a t e s , and the l ine s i n d i c a t e the
ranges of uncer tainty. As c o n s t r u c t e d , the u n c e r t a i n t y isabout an order of magni tude for the p o p u l a t i o n e s t i m a t e s andabout two orders of magni tude for the exposure e s t i m a t e s .
The committee was unable to make e x p l i c i t e s t i m a t e s of theuncer ta in ty l i m i t s , which would vary among the d i f f e r e n tp o p u l a t i o n s . The p o i n t s were derived f r o m measurements ormode l s for the groups r e p r e s e n t e d ; many of the p o i n t s ( e . g . ,the s c h o o l c h i l d r e n p o i n t ) can be traced back to d a t aprov ided in the s ec t ion in th i s chap t e r e n t i t l e d
Quant i ta t iv e Exposure E s t i m a t e s .
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F i g u r e 3-3 a l s o shows s e l e c t e d e x p o s u r e $ 5 e s t i m a t e d by thecommit t e e as d e s c r i b ed in the s e c t i on e n t i t l e d " Q u a n t i t a t i o n Exposure

Es t ima t e s . " Each source is r e p r e s e n t e d by a p o i n t , and the h o r i z o n t a land ver t i ca l l ine s e x t e n d i n g f r o m tho s e p o i n t s i n d i c a t e the u n c e r t a i n t i e sin the variable s . The p o p u l a t i o n e s t i m a t e s are g e n e r a l l y more accuratethan t h e exposure e s t i m a t e s . I f o n e a c c e p t s t h e e s t i m a t e s , t h e f o l l o w i n g
c onc lu s i on can be drawn f r o m t h i s chart: a s suming t o t a l p o p u l a t i o nexpo sure s and risks are the c r i t e r i a governing the level of concern, then
some of the n o n o c c u p a t i o n a l exposure c l a s s e s may rival some o c c u p a t i o n a l
expo sure s in overal l p o p u l a t i o n risk. For most o f the p o p u l a t i o n s notedin the f i g u r e , however, i t would be very d i f f i c u l t to d e t e c t h e a l t h
e f f e c t s a t t r i b u t a b l e t o ambient c onc en t ra t i on s o f a s b e s t o s because o f t h e
smal l r e l a t i v e exce s s e s e x p e c t e d ( M a r s h , 1983; N a t i o n a l Research C o u n c i l ,1983).

E X P O S U R E T O O T H E R N A T U R A L M I N E R A L F I B E R S
Some natural f i b r o u s m a t e r i a l s o ther than a s b e s t o s have thep r o p e r t i e s o f a s b e s t i f o r m m a t e r i a l s d e s c r i b e d in C h a p t e r 2, but the only

a s b e s t i f o r m var i e ty o f mineral wi th commercial impor tanc e c o m p a r a b l e t o
that o f a s b e s t o s i s a t t a p u l g i t e . A l t h o u g h th e common ac i cu lar c r y s t a l s
of w o l l a s t o n i t e re s emble f i b e r s , none i s known to p o s s e s s the p r o p e r t i e s
of a s b e s t i f o r m f i b e r s as d e f i n e d by the c ommi t t e e in C h a p t e r 2. Of the
remaining mineral f i b e r s l i s t e d in A p p e n d i x B as p o s s i b l y a s b e s t i f o r m ,
on ly meerschaum, a b l o c k f i b r o u s s e p i o l i t e , i s of some commercialimpor tance . A few metr ic tons of meerschaum are impor t ed each year, ande s s e n t i a l l y a l l o f i t i s carved in t o smoking p i p e s (U.S. Bureau o f M i n e s ,
1982). The c o m m i t t e e d id no t c o n s i d e r meerschaum f u r t h e r because t h i s
mater ia l is used in such smal l amounts and because it remains i n t a c t ini t s na tura l f o r m and doe s no t r e a d i l y r e l ea s e f i b e r s .

The expo sure o f humans to o ther known natura l a s b e s t i f o r m f i b e r s i sa s s o c i a t e d w i th natura l w e a t h e r i n g , the i n c i d e n t a l u s e o f f i b r o u sm a t e r i a l s in r o a d - s u r f a c i n g o p e r a t i o n s and in s i m i l a r a p p l i c a t i o n s , or
the occurrence of f i b e r s as i m p u r i t i e s in o ther minera l s of commercialimpor tance . For e x a m p l e , a s b e s t o s may be f o u n d in d e p o s i t s of t a l c and af ew other m a t e r i a l s . Of the natural a s b e s t i f o r m minera l s notc o m m e r c i a l l y e x p l o i t e d , t h e c ommi t t e e reviewed only th e f i b r o u s z e o l i t e
c a l l e d erionite, pr imar i ly because o f i t s p o s s i b l e a s soc ia t ion w i t hcancers in T u r k i s h v i l l a g e s ( A r t v i n l i and Baris , 1982; L i l i s , 1981).F i g u r e 3-4 shows areas of the U n i t e d S t a t e s b e l i eved to be p o s s i b l e"incidental" sources o f a s b e s t i f o r m f i b e r s . T h e s e areas contain minerald e p o s i t s that could be, but are not nece s sari ly, a s b e s t i f o r m ( K u r y v i a l et
a l . , 1974).

^Estimated number of p e o p l e in a group are shown versus the e s t imat ed
exposure per i n d i v i d u a l . I n d i v i d u a l e xpo sure s w i th in the group cane a s i l y span f o u r or f i v e orders of m a g n i t u d e , and even the bestr e p r e s e n t a t i v e value can be in error by an order of magni tude .
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; Areas where a s b e s t i f o rm
minerals may be present

F I G U R E 3-4. Areas c o n t a i n i n g p o s s i b l e a s b e s t i f o r m p h a s e s o f minera l s .
F r o m K u r y v i a l e t a l . , 1974.

A t t a p u l g i t e
A t t a p u l g i t e b e l o n g s to a g r o u p o f c o m m e r c i a l l y d e f i n e d c l a y s known asf u l l e r ' s earths . I t i s a n o n p l a s t i c c l a y , u s u a l l y w i th a h igh magnesiumcontent and with d e c o l o r i z i n g and p u r i f y i n g prop er t i e s . The Uni t edS t a t e s i s a l e a d i n g producer o f a t t a p u l g i t e , e s s e n t i a l l y a l l o f which i smined in the v i c i n i t y o f A t t a p u l g u s , G e o r g i a , and Quincy, F l o r i d a .Domes t i c c on sumpt i on is c u r r e n t l y greater than 700 thousand metr i ct o n s — a l m o s t t r i p l e that o f a s b e s t o s . An a d d i t i o n a l 100 thousand metr i ctons i s e x p o r t e d ( U . S . Bureau o f M i n e s , 1982).
A t t a p u l g i t e c on s i s t s p r i n c i p a l l y o f short a s b e s t i f o r m f i b e r s o f t h e

mineral p a l y g o r s k i t e ( B j g g i n s e £ a K , 1962; Z o l t a i a n d S t o u t , 1984).As wi th other minera l s , some mater ia l w i l l e xh ib i t a s b e s t i f o r m p r o p e r t i e sto a greater degree than w i l l other m a t e r i a l . Of the uses l i s t e d in
T a b l e 3-3, some are more l i k e l y to involve higher q u a l i t y f i b e r s( S . A m p i e n , U . S . Bureau o f M i n e s , personal communication, 1983). M a t e r i a lo f lower q u a l i t y , that i s , having the c h a r a c t e r i s t i c s o f a s b e s t i f o r m
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f i b e r s to a l e s s e r e x t e n t , is a c c e p t a b l e for use in oil and grease
ab sorbent s , p e s t i c i d e f i l l e r s , a n d p e t wa s t e ab s orb en t s . I n F r a n c e ,
a t t a p u l g i t e i s used in drug s f or the t r ea tment o f g a s t r o i n t e s t i n a l
d i s e a s e s (Bignon £t a_l . , 1 9 8 0 ) ; in the U n i t e d S t a t e s , it is a component
o f n o n p r e s c r i p t i o n a n t i d i a r r h e a l d r u g s ( P h y s i c i a n s ' Desk R e f e r e n c e , 1983).Bignon et al . ( 1 9 8 0 ) r e p o r t e d tha t the F r e n c h d r u g s contain f i b e r s asl ong as 3. 6 urn (med ian l e n g t h , a p p r o x i m a t e l y 1 u r n ) w i t h t y p i c a l d i a m e t e r sof a p p r o x i m a t e l y 0 . 0 3 p m . L e n g t h s of 0.5 pm to 1 vm a p p e a r to be t y p i c a l
in a t t a p u l g i t e f r o m the U n i t e d S t a t e s ( H u g g i n s e£ a_l . , 1 9 6 2 ) .

The c o m m i t t e e was unab l e t o f i n d d a t a on airborne c o n c e n t r a t i o n s o f
a t t a p u l g i t e f i b e r s . Because a t t a p u l g i t e i s mined and proce s s ed in a
region o f r e l a t i v e l y l o w p o p u l a t i o n d e n s i t y , p o p u l a t i o n e xpo sur e s f r o mt h e s e o p e r a t i o n s s h o u l d be r e l a t i v e l y low. Some use s , such as in pet
wa s t e a b s o r b e n t s , f e r t i l i z e r s , a n d p e s t i c i d e s , c o u l d r e l e a s e s u b s t a n t i a lamounts o f a t t a p u l g i t e in to th e air. A t t a p u l g i t e ha s a l s o been f o u n d inwater s u p p l i e s ( M i l l e t t e e_t a_l . , 1 9 7 9 b ) .

The l e v e l s o f exposure t o a t t a p u l g i t e and th e numbers o f p e o p l e
e x p o s e d c o u l d rival tho s e for a s b e s t o s , even when measured as mass ra ther
than as number of f i b e r s . Because of the s m a l l e r size of a t t a p u l g i t ef i b e r s , bo th in l e n g t h and d i a m e t e r , the numbers o f f i b e r s and t h e i rr e s p i r a b i l i t y w o u l d p r o b a b l y exceed tho s e f o r a s b e s t o s . Cl earanc e
mechani sms , such a s p h a g o c y t o s i s , wou ld p r o b a b l y a l s o b e more e f f e c t i v e .
Bignon e t al . ( 1 9 8 0 ) r e p o r t e d two case s t u d i e s in which a t t a p u l g i t ef i b e r s were f o u n d in human l u n g s and urine.

E r i o n i t e
U n l i k e the p o p u l a t i o n in p a r t s o f T u r k e y , no one in the U n i t e d S t a t e si s l i k e l y to l iv e in d w e l l i n g s c o n s t r u c t e d o f e r i o n i t e - c o n t a i n i n gm a t e r i a l s . H o w e v e r , there are several d e p o s i t s o f z e o l i t e s in A r i z o n a ,

C a l i f o r n i a , N e v a d a , and Oregon, and some of them have been r e p o r t e d toconta in f i b r o u s er ioni te (Rom e_t a_K , 1983; W r i g h t e_t a_l. , 1983). Someof t h i s ma t e r ia l has been mined , p o s s i b l y for use in ion-exchangeproce s s e s , for re tent ion of nitrogen in f e r t i l i z e r s , and for use inconcrete a g g r e g a t e or road s u r f a c i n g . Some o f the se a p p l i c a t i o n s couldlead to s i g n i f i c a n t local air concentrat ions, as would natural
wea ther ing . The natural proce s s e s could a l s o be sources ofconcentrat ions in dr inking water. However, because ambient erioniteconcentrat ions have not been r e p o r t e d and because the p o p u l a t i o n d e n s i t yin the intermountain western s t a t e s is g e n e r a l l y low, the commit t e ebe l i eve s there are few s i g n i f i c a n t exposure s to thi s substance.

Erioni t e f i b e r s are s imi lar to a s b e s t o s f i b e r s , a l t h o u g h they arep r o b a b l y , on average, shorter. T h e i r maximum l e n g t h is about 50 vm.
W i d t h s have been repor t ed to range f r o m 0.01 to 5*0 vm, averaging 0.1 urnin some s a m p l e s ( S u z u k i , 1982) but most commonly ranging from 0.25 to1.5 pm in others ( W r i g h t et al. , 1983).
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E X P O S U R E T O M A N - M A D E F I B E R S
Man-Made Minera l F i b e r s

Man-made mineral f i b e r s ( M M M F s ) — s o m e t i m e s c a l l e d man-made vi treous
f i b e r s — a r e g l a s s y a n d amorphous rather than c r y s t a l l i n e . T h e M M M F s
i n c l u d e f i b r o u s g l a s s , mineral wool ( i . e . , rock wool and s l a g w o o l ) , andceramic f i b e r s . MMMFs c o m p e t e wi th a s b e s t o s in some markets and have
r e p l a c e d it in o ther s . Because they are amorphous , MMMFs do not s p l i t
l o n g i t u d i n a l l y ; they d o somet imes break t r a n s v e r s e l y , y i e l d i n g shor t er ,
but not th inner , p a r t i c l e s .

F i b r o u s G l a s s . F i b r o u s g l a s s c o n s i s t s o f m o n o f i l a m e n t s o f s i l i c a t e
or b o r o s i l i c a t e g l a s s u s u a l l y p r o d u c e d by m e l t i n g amorphous s i l i c a t e s and
f o r c i n g the m e l t through an o r i f i c e , f o l l o w e d by air, s t eam, or f l a m ea t t e n u a t i o n . The current pro c e s s e s a l l o w p r o d u c t i o n o f r e l a t i v e l y narrow
ranges of f i b e r s ize s , d e p e n d i n g on the commercial need. The three mainc l a s s e s are t e x t i l e f i b e r , wool f i b e r , and f i n e f i b e r , and there are manys u b c l a s s i f i c a t i o n s w i t h i n the se broad c l a s s e s . T e x t i l e f i b e r i s t h e
c o a r s e s t , t y p i c a l l y 10 to 15 urn in d i a m e t e r , 6 but may range f r o m 6 to20 um (JRB A s s o c i a t e s , I n c . , 1981). W o o l f i b e r u s u a l l y ranges f r o m about
3 to 10 pro in d i a m e t e r ( K o n z e n , 1 9 8 2 ) , but can be 1 to 25 urn (JRB
A s s o c i a t e s , I n c . , 1981). F i n e f i b e r i s u s u a l l y c o n s i d e r e d to be 1 pmnominal d i a m e t e r or l e s s .6

F i b r o u s g l a s s accounts f or a p p r o x i m a t e l y 80% o f a l l MMMFs. At leas t902 of the f i b r o u s g l a s s is p r o d u c e d as wool f i b e r s , which are used
p r i m a r i l y f o r thermal or a c o u s t i c a l i n s u l a t i o n and f o r f i l t r a t i o n . The
l a r g e s t c a t e g o r y by far is thermal i n s u l a t i o n , most of which is used to
i n s u l a t e b u i l d i n g s . T h e s e f i b e r s are a l s o used as duct l i n i n g s , as
i n s u l a t i o n f o r p i p e s a n d a p p l i a n c e s , a n d i n c e i l i n g t i l e s f o r a c o u s t i c a li n s u l a t i o n . 6

T e x t i l e g r a d e s o f f i b e r s are used e x t e n s i v e l y in r e i n f o r c i n g resinous
m a t e r i a l s , e.g., in "fiber g la s s " automobi le bodie s or boat h u l l s ( W a t t s ,1980). T h e y are a l s o used in various c l o t h s ( e s p e c i a l l y for d r a p e r i e s ) ,p a p e r s , e l e c t r i c a l i n s u l a t i o n , a n d c o r d i n g . T e x t i l e grade s account f o r
52 to 102 of all f i b r o u s g l a s s . 6

A p p r o x i m a t e l y 0.5* b y weight o f f i b r o u s g l a s s p r o d u c e d f a l l s w i t h i nf i n e f i b e r size ranges. Because these f i b e r s are expensive to p r o d u c e ,
they are f o u n d only in s p e c i a l i z e d markets. T h e i r two m a j o r uses arethermal i n s u l a t i o n for aerospace v e h i c l e s and f i l t r a t i o n , m o s t l y t oreduce the p a r t i c u l a t e content of air going to sensi t ive areas, such as
the c l ean rooms of s emiconductor p l a n t s . 6 The aerospace i n s u l a t i o n isu s u a l l y made as a f i b e r blanket sandwiched between metal or woven f i b e rc l o t h ( H e a l t h and S a f e t y Commis s i on, 1 9 7 9 ) and i s i n s t a l l e d between the
inner and outer s h e l l s o f the vehic l e . The f i l t e r material i s u s u a l l yi n c o r p o r a t e d into a p a p e r l i k e matr ix w i th a smal l amount of b inder. 6

6 J. Leineweber, M a n v i l i e C o r p . , per sonal communication, 1983.
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Les s than 10% of all g l a s s f i b e r s are sma l l e r than 3 ym in d i a m e t e r .F i n e f i b e r d i a m e t e r s are g e n e r a l l y s m a l l e r than 3 ym ( K o n z e n , 1 9 8 2 ) andc l u s t e r around 1 ym, but may range f r o m 0.2 ym to 5 ym, with t y p i c a l

airborne f i b e r l e n g t h s ranging f r o m 5 to 20 ym (Esmen, 1982). Le s s than2Z of all other f i b r o u s g l a s s ca t egor i e s are s m a l l e r than 3 ym indiameter . Very f i n e or s u p e r f i n e g r a d e s o f f i b r o u s g l a s s have d i a m e t e r s
p r e d o m i n a n t l y l e s s than 1 ym. T h u s the m a j o r i t y of the r e s p i r a b l e f i b e r sproduc ed are p r o b a b l y in f i n e f i b e r g r a d e s ; however, the uses f or f i n ef i b e r s do no t a p p e a r to o f f e r great o p p o r t u n i t i e s f or exposure. For
e x a m p l e , the f ew measurements that have been made i n d i c a t e that f ewf i b e r s e s cape into th e a ir dur ing a ir f i l t r a t i o n a p p l i c a t i o n s ; o t h e rw i s e ,
th e u t i l i t y o f th e f i l t e r s would b e compromised.7

O c c u p a t i o n a l e xpo sur e s to f i b r o u s g l a s s have t e n d e d to be
c o n s i d e r a b l y lower than those to a s b e s t o s , m a i n l y because o f innatep r o c e s s i n g d i f f e r e n c e s (JRB A s s o c i a t e s , I n c . , 1981) and th e h i g h e r costo f p r o d u c i n g f i b r o u s g l a s s . T y p i c a l l e v e l s in w o r k p l a c e s have been
a p p r o x i m a t e l y 0.1 f i b e r / c m 3 as measured w i t h a l i g h t microscope
( B a l z e r , 1976; Corn, 1976; Esmen, 1982; H e a l t h a n d S a f e t y C o m m i s s i o n ,1979; Johnson e£ â ., 1969; Shannon e_t a_l., 1982), a l t h o u g hc onc en tra t i on s may exceed 10 f i b e r s / c m ^ in areas where f i n e f i b e r s
p r e d o m i n a t e (JRB A s s o c i a t e s , I n c . , 1981). C o n c e n t r a t i o n s were p r o b a b l yhigher b e f o r e the u s e o f o i l s and b i n d e r s to s u p p r e s s du s t ( H a r t u n g ,
1 9 8 2 ) , which were used r e l a t i v e l y ear ly in the indus try.

The f a c t that a tmospher i c concentrat ions of f i b r o u s g l a s s in thew o r k p l a c e are lower than tho s e for a s b e s t o s by about an order of
magni tude s u g g e s t s that p l a n t emissions might be lower by about the samef a c t o r on a p o u n d - f o r - p o u n d p r o d u c t i o n basi s . A l t h o u g h t o t a l p r o d u c t i o ni s curr en t ly greater f or f i b r o u s g l a s s than f or a sbe s to s p r o d u c t s , th ep o r t i o n of f i b e r s in the r e s p i r a b l e range i s lower. T h u s , t o t a l emis-sions o f f i n e g l a s s f i b e r s are p r o b a b l y c o n s i d e r a b l y lower than a s b e s t o semis s ions . Balzer ( 1 9 7 6 ) r e p o r t e d t h a t ambient c o n c e n t r a t i o n s o f f i b r o u s
g l a s s in C a l i f o r n i a air were a p p r o x i m a t e l y 0.002 f i b e r s / c m ^ and t h a tthe average d iame t e r of the f i b e r s was 4 ym; 2/3 of the f i b e r s wered e t e c t a b l e b y o p t i c a l micro s copy. A l t h o u g h t h e s i g n i f i c a n c e o f t h i si s o l a t e d report i s uncertain, the r epor t ed c onc en tra t i on , which amountsto 2,000 f i b e r s / m 3 , is much h igher than any r e p o r t e d for a s b e s t o s inambient air, even in urban areas. If m a n u f a c t u r i n g emis s ions are lowerf or f i b r o u s g l a s s than for a s b e s t o s , a s s u g g e s t e d ear l i er , some othere x p l a n a t i o n would be needed if the Balzer count s prove to be accurate andr e p r e s e n t a t i v e . For e x a m p l e , a point source might have been nearby. Onep o s s i b l e nonmanufac tur ing source f or g l a s s f i b e r s i s in-place b u i l d i n gi n s u l a t i o n , which contains the f i b r o u s mater ia l in r e l a t i v e l y loo s e f o r m( a l b e i t with binders).

In a d d i t i o n to being exposed from ou t s i d e air, a m a j o r i t y of the U.S.p o p u l a t i o n is p r o b a b l y expo s ed to some ex t ent by l i v i n g or working in
7 J. Leineweber, M a n v i l l e C o r p . , personal communication, 1983.
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b u i l d i n g s w i t h f i b r o u s g l a s s i n s u l a t i o n . The e x p o s u r e s would p r o b a b l y b e
highes t s h o r t l y a f t e r i n s t a l l a t i o n or d i s t urbanc e o f the in su la t i on . Thecommi t t e e was unable to l o ca t e r e p o r t s of measured c onc en tra t i on s ofg l a s s f i b e r s in b u i l d i n g s .

Many p r o d u c t s contain f i b r o u s g l a s s . S m i t h ( 1 9 7 6 ) ha s r e p o r t e d
35,000 i n d i v i d u a l p r o d u c t a p p l i c a t i o n s . Even i f the vast m a j o r i t y o f
them are h y p o t h e t i c a l or t r i v i a l , many p o s s i b l e sources ofnonoc cupa t i ona l e xpo sur e s t i l l e x i s t . However , f i b r o u s g l a s s p r o d u c t i o n
and its use in b u i l d i n g i n s u l a t i o n are l i k e l y to be the m a j o r sources.

M i n e r a l W o o l . T w o t y p e s o f f i b e r s f a l l under t h e general rubric o f
mineral wool. Rock wool is the term for g l a s s f i b e r s made by m e l t i n g
natural igneous rocks and then d r a w i n g , b l o w i n g , or c e n t r i f u g i n g the me l t
into f i b e r s . S l a g wool is made by s i m i l a r pro c e s s e s , except that thef e e d s t o c k i s the a l r e a d y - m e l t e d s l a g f r o m iron b l a s t f u r n a c e s or other
m e t a l - s l a g g i n g proc e s s e s* T o t a l mineral wool p r o d u c t i o n in th e U n i t e d
S t a t e s i s e s t i m a t e d to be a p p r o x i m a t e l y 200,000 metr i c tons.® Because
o f t h e g e n e r a l l y l e s s e l a b o r a t e pro c e s s e s f o r m a n u f a c t u r i n g these two
t y p e s o f mineral woo l , t h e i r d i a m e t e r d i s t r i b u t i o n t e n d s to be broader
than that o f f i b r o u s g l a s s , and the p r o d u c t c on ta in s r e l a t i v e l y large
amounts o f "shot" or r e s i d u a l u n f i b e r i z e d d r o p l e t s o f the m o l t e n m a t e r i a l
( P u n d s a c k , 1 9 7 6 ) .

Rock wool and s l a g wool can serve many of the same p u r p o s e s as
f i b r o u s g l a s s . M o s t o f i t i s used for e i th er b u i l d i n g i n s u l a t i o n ors p e c i a l t y "technical" i n s u l a t i o n f o r i n d u s t r i a l proce s s e s . I t i s a p p l i e d
p r i m a r i l y as thermal i n s u l a t i o n , but some is used for sound d a m p e n i n g . 8A p p l i c a t i o n s i n c l u d e power p l a n t s , chemical p r o c e s s e s , and o ther heavy
i n d u s t r i a l m a n u f a c t u r i n g . Much s m a l l e r amounts are used in commercial
b u i l d i n g s and even l e s s in re s idence s .® In current p r a c t i c e , b inder s
are a d d e d to the mineral wool so that it can be s u p p l i e d in the f o r m ofb l a n k e t s or other shaped f o r m s , rather than as loose f i b e r .

The r e p o r t e d measurements of s l a g and rock wool f i b e r c onc en tra t i on s
in th e w o r k p l a c e f a l l between tho s e f o u n d f or a s b e s t o s and tho s e f orf i b r o u s g l a s s , as one might expec t f r o m the proce s s e s involved and ther e l a t i v e c o s t s o f p r o d u c t i o n .

M o s t of the r e p o r t e d f i b e r c onc en tra t i on s range f r o m 0.2 to 0.5f i b e r s / c m ^ , but c o n c e n t r a t i o n s as high as 2 f i b e r s / c m ^ have beenobserved (Esmen, 1982; H e a l t h and S a f e t y Commis s ion, 1979; O t t e r y e t a l . ,1982). Per pound of t h r o u g h p u t , f i b e r emiss ions could be e x p e c t e d to be
i n t e r m e d i a t e between f i b r o u s g l a s s and a sbe s to s . Because the p r o d u c t i o nis lower than that for f i b r o u s g l a s s and the uses are somewhat morel i k e l y to be indu s t r ia l than r e s i d e n t i a l , it is l i k e l y that p o p u l a t i o n

° J . D . C o r n e l l , U . S . G y p s u m C o r p . , per sonal communicat ion, 1983.
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exposures to mineral wools are g enera l ly lower than those for f i b r o u s
g l a s s , a l t h o u g h the p r o p o r t i o n of f i n e f i b e r s may be greater.

The nominal d i a m e t e r for mineral wool s a p p e a r s to be s i m i l a r to that
for g l a s s w o o l s — a p p r o x i m a t e l y 6 to 8 ym. However, there is a greatert endency f o r these wool s t o contain f i n e f i b e r s . In th e U n i t e d S t a t e s ,
as much as two-thirds of the f i b e r count may be less than 3 yra ind i a m e t e r (Esmen, 1982). In some European rock wool p l a n t s , however, thepor t ion of r e s p i rab l e f i b e r s may be c on s id erab ly lower ( O t t e r y et al . ,1982).

Ceramic F i b e r . Ceramic f i b e r s are produced by m e l t i n g kao l in c lay ora combinat ion of alumina and s i l i c a to f o r m a l u m i n o s i l i c a t e g l a s s e s andthen b l owing the m e l t to f o r m the f i b e r s . M o s t of these f i b e r s are usedfor high t empera tur e i n s u l a t i o n . Some alumina and zirconia f i b e r s areproduc ed for even higher t emperature a p p l i c a t i o n s ; these are the f i b e r smost o f t e n r e f e r r e d t o a s r e f r a c t o r y ( H e a l t h and S a f e t y Commi s s i on ,1979). T o t a l annual p r o d u c t i o n is a p p r o x i m a t e l y 20,000 metric tons , butthere is a c a p a c i t y to m a n u f a c t u r e at l e a s t d o u b l e that f i g u r e . 9
Ceramic f i b e r s are used m o s t l y for h i g h t empera tur e in su la t i on .S m a l l e r q u a n t i t i e s a r e used f o r expans ion j o i n t s t u f f i n g . A p p r o x i m a t e l y

85X of the f i b e r s produc ed are s o l d in the f o r m of b l a n k e t s or modu larb u i l d i n g blocks. Bulk f i b e r , p a p e r , and t e x t i l e forms are a l so
marketed. The p r i n c i p a l i n d u s t r i a l purchas er s o f ceramic f i b e r s are
manufac turer s of steel and other m e t a l s , ceramics, p e t ro chemica l s , andc a t a l y t i c converters f o r automotive vehic le s . T y p i c a l uses i n c l u d ei n s u l a t i o n for k i l n s , f u r n a c e s , ovens, other t y p e s o f h ea t er s , and, t o al e s s e r e x t e n t , consumer a p p l i a n c e s . V i r t u a l l y a l l t h e f i b e r s producedare e n c a p s u l a t e d or in corpora t ed into s t ru c tur e s . The targe t range of
d i a m e t e r s is 2 to 3.5 ym, but the d i a m e t e r s can range f r o m l e s s than 1 ym
to 12 ym. F i b e r l e n g t h s are o f t e n several c e n t i m e t e r s , but many f i b e r s af ew micrometers in l e n g t h are a l s o produc ed ( J R B A s s o c i a t e s , I n c . ,
1981).10

In g enera l , o c c u p a t i o n a l exposures to ceramic f i b e r s seem to f a l l
within the same range as those for mineral woo l s , i.e., u s u a l l y wel l
under 1 f i b e r / c n j 3 , but they o c c a s i o n a l l y exceed that f i g u r e (Esmen etal . , 1979; F o w l e r , 1980; H e a l t h and S a f e t y Commiss ion, 1979). Airbornef i b e r s have a median d iame t e r of about 1 ym and a median l e n g t h of about
10 ym. T h u s , many of the airborne f i b e r s a p p e a r to be r e sp irab l e (Esmen,1978). Given the r e l a t i v e l y low p r o d u c t i o n volume, the moderateworkplace concentrations, and the s p e c i a l i z e d a p p l i c a t i o n s , however,ceramic f i b e r s are probab ly r e s p o n s i b l e for rather low general p o p u l a t i o nexposures.

9 W. J. Breit sman, Carborundum C o r p . , personal communication, 1983.1 0 I n f o r m a t i o n a l s o received from W. J. Breitsman, Carborundum C o r p . ,
personal communication, 1983.
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Expo sur e t o Other M a p - M a d e F i b e r s

In c ompari son to the MMMFs, o ther f i b e r s t h a t migh t be considered
a s b e s t i f o r m are p r o d u c e d in r e l a t i v e l y s m a l l q u a n t i t i e s . Among these are
f i b e r s o f carbon, g r a p h i t e , a lumina, boron, p o t a s s i u m t i t a n a t e , s i l i c o n
c a r b i d e , and a var i e ty of organic f i b e r s such as Aramid or FIFE
( p o l y t e t r a f l u o r o e t h y l e n e , o r T e f l o n ) . T h e organic f i b e r s u s u a l l y enter
the same general marke t s as the t e x t i l e grade g l a s s f i b e r s and arec o r r e s p o n d i n g l y t h i c k in d i a m e t e r . Because t h e s e f i b e r s are not of
r e s p i r a b l e s ize , e x p o s u r e s to them are not examined in t h i s r epor t . Even
i f t h e y were r e s p i r a b l e , i t would b e d i f f i c u l t t o c l a s s i f y them as
a s b e s t i f o r m under t h i s c o m m i t t e e ' s d e f i n i t i o n .

M o s t o f the inorganic man-made f i b e r s are marketed p r i n c i p a l l y as
r e in for c ement for various k ind s of c o m p o s i t e m a t e r i a l s used in
f a b r i c a t i n g s t r u c t u r e s or equ ipment that must be s t r o n g but l i g h t w e i g h t .
For e x a m p l e , a lumina f i b e r s can be i n c o r p o r a t e d in an aluminum m e l t top r o d u c e f i b e r - r e i n f o r c e d m e t a l ( C h e m i c a l a n d Engine er ing N e w s , 1980).
P o t a s s i u m t i t a n a t e w a s marketed f o r r e i n f o r c i n g p l a s t i c f r i c t i o nm a t e r i a l s in brakes , f i l t e r s , and h i g h t e m p e r a t u r e i n s u l a t i o n , but waswi thdrawn f r o m the market in the mid-1970s (C. F. R e i n h a r d t , E. I.
d u P o n t , p er sonal c ommunica t i on , 1 9 7 8 ) . S u c h f i b e r s a r e a l s o g e n e r a l l y
too l a r g e in d i a m e t e r to be r e s p i r a b l e , and th ey are presumed to have a
very low expo sure p o t e n t i a l because they are s e a l e d rather p e r m a n e n t l y in
t h e i r m a t r i x . E x c e p t f or the carbon f i b e r s , inorganic f i b e r s are not
d i s c u s s e d f u r t h e r in t h i s r e p o r t . At p r e s e n t , the ir p r o d u c t i o n i sl i m i t e d , and the ir uses would not be e x p e c t e d to lead to s u b s t a n t i a lexposure .

In t h i s do cument , the term carbon f i b e r i s used to d e s c r i b e b o th the
carbon and g r a p h i t e f i b e r c l a s s e s , a l t h o u g h such f i b e r s may be
m a n u f a c t u r e d by d i f f e r e n t proc e s s e s (Beardmore ££«_!•» 1980; Z u m w a l d e andH a r m i s o n , 1980). T h e s e f i b e r s are t y p i c a l l y o f the same general s izes as
man-made woo l s , i.e., a p p r o x i m a t e l y 7 ym nominal d iame t e r , and at l e a s tin normal use, they f a l l m o s t l y w i th in a q u i t e narrow range of d i a m e t e r s
( J o h n s o n , 1982). T h e y may exceed 2 or 3 mm in l e n g t h . Les s than 25% of
them are shorter than 80 ym and have d i a m e t e r s l e s s than 3 ym ( D e l m o n t e ,
1981; Z u m w a l d e and K a r m i s o n , 1980). T h e r e is some evidence ofl o n g i t u d i n a l c l e a v a g e a f t e r th e s e f i b e r s have been burned or worked
( e . g . , a f t e r sawing a c o m p o s i t e tha t contains t h e m ) ( W a g m a n e j t a_l., 1 9 7 9 ) .

Like the other mineral f i b e r s mentioned in th i s sect ion, most carbon
f i b e r s enter the r e i n f o r c e d m a t e r i a l s market , e.g., in aero spac e ,a u t o m o t i v e , and s p o r t s p r o d u c t s such a s g o l f c lub s h a f t s . The matr i c e sfor the f i b e r s are t y p i c a l l y epoxy or p o l y i m i d e resins ( K e a r andT h o m p s o n , 1980). T h e f i b e r s a r e o f t e n t r ea t ed f i r s t wi th another p l a s t i cp r o d u c t such as t e t r a f l u o r o e t h y l e n e to make them l e s s b r i t t l e ( H a r b e n ,1980). The U . S . Bureau of M i n e s ( 1 9 8 2 ) r epor t ed that only about 250
metr i c tons o f h igh-modu lu s ( i . e . , with the h i g h - s t r e n g t h p r o p e r t i e s mostl ike an a s b e s t i f o r m f i b e r ) carbon f i b e r s were produc ed in the U n i t e d
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S t a t e s in I 9 6 0 , but the rate of p r o d u c t i o n growth is h igh , having d o u b l e dalmost every year for the pas t 5 years ( U . S . Bureau of M i n e s , 1982). Oneunusual new use of these f i b e r s is in surgical i m p l a n t s that are r e p o r t e dto improve the h e a l i n g of torn l i g a m e n t s and tendons ( A r e h a r t - T r e i c h e l ,
1982).

The c ommi t t e e found l i t t l e i n f o r m a t i o n on exposure s to carbon
f i b e r s . Both the smal l q u a n t i t i e s produced and their a p p l i c a t i o n sp r i m a r i l y in c o m p o s i t e s sugge s t that l i t t l e exposure occurs. Theg r e a t e s t o p p o r t u n i t y for human expo sure p r o b a b l y arises when the
c o m p o s i t e i s a c c i d e n t a l l y or i n t e n t i o n a l l y burned. A l t h o u g h the matr ix
i s o f t e n d e c o m p o s e d under those c o n d i t i o n s , the f i b e r s remain r e l a t i v e l yin tac t (Wagman et al.. 1979). In f a c t , the f i r s t concerns about carbonf i b e r s involved their p o t e n t i a l e f f e c t s on e l e c tronic systems a f t e r af i r e had r e l ea s ed them as c o n d u c t i n g "wires" in s emiconduc tor c i r cu i t s .

O v e r a l l , n o n o c c u p a t i o n a l expo sure s to carbon f i b e r s are p r o b a b l ye x t r e m e l y low in comparison wi th those to most of the other a s b e s t i f o r mf i b e r s d i s c u s s e d in previous sect ions. The p o t e n t i a l for such expo sure scou ld change, however, if the use of carbon f i b e r s continues to grow and
d i v e r s i f y .

S U M M A R Y A N D R E C O M M E N D A T I O N S
In a s s e s s i n g expo sure s to a s b e s t i f o r m f i b e r s that could cause adverse

h e a l t h e f f e c t s , t h e c ommi t t e e considered (1) synthe t i c and natural f i b e r s
t h a t are used e x t e n s i v e l y in commerce and (2) natural f i b e r s that arew i d e l y d i s t r i b u t e d by natural proce s s e s . As e x a m p l e s o f commercial
f i b e r s , the commit t e e as se s sed exposure to c h r y s o t i l e , c r o c i d o l i t e , and
other a sb e s t o s f i b e r s ; a t t a p u l g i t e ; f i b r o u s g l a s s , mineral wool , andceramic f i b e r s ; and carbon f i b e r s . F i b r o u s erionite was chosen as anexampl e of a noncommercial , n a t u r a l l y produced and d i s t r i b u t e da s b e s t i f o r m f i b e r . A s b e s t o s and a t t a p u l g i t e f i b e r s are a l s o re leased by
natural p ro c e s s e s , as are other natural f i b e r s found in ambient air.

Many t y p e s of i n f o r m a t i o n would be h e l p f u l in a s s e s s ing p o p u l a t i o n
expo sure s to various m a t e r i a l s . However, because the most r e a d i l ya v a i l a b l e i n f o r m a t i o n u s u a l l y p e r t a i n s to p r o d u c t i o n or consumpt ionl e v e l s , u s e p a t t e r n s , f i b e r d imens ion s , and p o p u l a t i o n s e x p o s e d , t h i stype of i n f o r m a t i o n was used for the exposure assessment de s cr ibed in
th i s c h a p t e r .

Current c h r y s o t i l e consumpt ion in the U n i t e d S t a t e s i s a p p r o x i m a t e l y230,000 metric tons per year. A t t a p u l g i t e product ion is greater, andf i b r o u s g l a s s p r o d u c t i o n a p p a r e n t l y greater s t i l l . Mineral wool,c r o c i d o l i t e , ceramic f i b e r s , other t y p e s o f a s b e s t o s , and carbon f i b e r sare produced or used in s m a l l e r q u a n t i t i e s , a p p r o x i m a t e l y in thatde s c end ing order.



77
All types of asbestos have f i b er s within the respirable range, i.e.,less than approximate ly 3 pm in diameter, as do a t t a p u l g i t e anderionite. However, the nominal diameters of most of the synthetic f i b e r sexceed the respirable range. Excep t ions are some type s of ceramicf i b e r s , which are near the u p p e r limit of the r e sp irab l e range, and thef i n e grades of f i brou s glas s . W i t h the p o s s i b l e except ion of carbonf i b e r s , most synthet ic f i b e r produc t s include some f i b e r s of re spirablesize. Carbon f i b e r s may s p l i t to f i n e r , re spirable f i b e r s uponmechanical or thermal stress.
A s b e s t o s f i b e r s can be hundreds of micrometers long, a l though most ofthem d e t e c t e d in the ambient environment far f r o m produc t i on sources arel e s s than 3 pm long. A t t a p u l g i t e f i b e r s are general ly less than 20 urnlong. T a r g e t l eng th s for synthe t i c f i b e r s are o f t e n measured incent imet er s rather than in micrometers, but many shorter f i b e r s are alsoproduced.
Many of the commercial f i b e r s are used only in binding matrices suchas in reinforced p la s t i c s or paper produc t s . Fibrous g la s s , mineralwool, a t t a p u l g i t e , and to some extent ceramic f i b e r s are sometimes usedunbound as r e l a t i v e ly loose f i b e r s . Because of their l imiteda p p l i c a t i o n s and present low produc t i on volumes, ceramic and carbonf i b e r s probably have a re la t ive ly low exposure po t en t ia l . Because of itsl imited natural occurrence, the same is true of f ibrous erionite.Increased product ion and d iv er s i f i ca t i on of use is l ike ly to be as igni f i cant f a c t o r for fu tur e exposures to carbon and ceramic f iber s .The use of asbestos in the United S t a t e s has declined in recent years.
As with most ma t e r ia l s , lack of in f ormat i on on exposures to thevarious f i b e r s l i m i t s the a b i l i t y of inve s t iga tor s to i d e n t i f y theadverse h e a l t h e f f e c t s r e su l t ing f r o m such exposure. T h u s , there is aneed to improve this I n f o r m a t i o n base and to e s tabl i sh correlationsbetween exposures and heal th e f f e c t s .
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4Measurement of Exposure toA s b e s t i f o r m F i b e r s

For more than 50 years, a sb e s t o s - conta in ing dust in the workplac e hasbeen measured to characterize oc cupat ional exposure to these p a r t i c l e s .T h e s e measurements were needed to correlate s p e c i f i c h ea l th e f f e c t s inworkers with their exposure to the d u s t , to ensure the p r o p e r f u n c t i o n i n gof dus t control e q u i p m e n t , and to evaluate compliance with the f i b e ra n d / o r dus t s t a n d a r d s or g u i d e l i n e s in e f f e c t at that time. Ind e v e l o p i n g these measurement m e t h o d s , a t t e m p t s were made to balance andmaximize s p e c i f i c i t y , s e n s i t i v i t y , and b io logical relevance for thed i f f e r e n t dust component s . As measurement t e chno logy and knowledge ofagent s and di sease mechanisms a d v a n c e d , new sampl ing and a n a l y t i c a lmethods were d e v e l o p e d with the goal of obtaining measurements that wouldbe u s e f u l in p r o t e c t i n g workers. ( S e e reviews by Ayer and Lynch, 1961;H o l t , 1957; W a l t o n , 1982.)
A t t e m p t s are now being made to de termine the concentrat ion of f i b e r s

in o ther environments, such as in b u i l d i n g s and in areas removed f r o mknown f i b e r sources. Technique s u s e f u l for the workplace are not a lwayseas i ly a p p l i e d to other s i t u a t i o n s , where concentrat ions of m a t e r i a l s arel i k e l y to be hundreds or thousands of t imes lower.
In this chap t e r , the commit t e e de scr ibe s the measurement methods usedto de t ermine the concentration of a s b e s t o s in a given environment.A l t h o u g h the d i s cu s s ions are f o c u s s e d on the s p e c i f i c me thod s used tomeasure a sb e s t o s , many of these m e t h o d s may also be used to measure o thera s b e s t l f o r o f i b e r s . The deve lopment o f the techniques i s pr e s en t edwithin a historical p er sp e c t iv e .

M E A S U R E M E N T T E C H N I Q U E S
T a b l e 4-1 summarizes the pr inc ipa l methods used in the q u a n t i f i c a t i o nand I d e n t i f i c a t i o n of a s b e s t i f o r m f i b e r s (Burde t t et al., 1980). Theearliest methods measured mass. In the gross mass me thods , airborne dustwas c o l l e c t e d by f i l t r a t i o n , p r e c i p i t a t i o n , or impac t i on , and the t o ta ldust was determined by s i m p l e weighing on conventional balances. X-rayd i f f r a c t i o n techniques were used to I d e n t i f y mineral phases present inthe d u s t ; magnesium analys i s was used as an index of chry so t i l e a s b e s t o s
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T A B L E 4-1. A s b e s t i f o r m F i b e r Measur ement M e t h o d s 3

Measurement C o l l e c t i o n
M a s s , gross F i l t e r

E l e c t r o s t a t i c
p r e c i p i t a t o r

I m p a c t i o n
H i - v o l / f i l t e r

M a s s , re-s p i r a b l e

Count

Q u a n t i f i c a t i o n
G r a v i m e t r i c

G r a v i m e t r i c( p i e z o e l e c t r i c )
B e t a - a b s o r p t i o n
M i c r o s c o p i c

I d e n t i f i c a t i o n

H o r i z o n t a l elu- G r a v i m e t r i c
t r i a t o r / f i l t e r

C y c l o n e / f i l t e r

I m p i n g e m e n t

I m p a c t i o n

T h e r m a lp r e c i p i t a t o r
Membrane f i l t e r

G r a v i m e t r i c

L i g h t m i c r o s c o p e

L i g h t m i c r o s c o p e

L i g h t m i c r o s c o p e

L i g h t m i c r o s c o p e
p h a s e c o n t r a s t

N u c l e p o r e f i l t e r T E M , b S E M , C

image recog-n i t i o n

N u c l e p o r e f i l t e r L i g h t s c a t t e r i n g

M i n e r a l i d e n t i f i c a t i o n
by x-ray; c h r y s o t i l ei d e n t i f i c a t i o n b y
magnes ium a n a l y s i s

M o t a p p l i c a b l e

N o t a p p l i c a b l e
M i n e r a l i d e n t i f i c a t i o n

by x-ray
M i n e r a l i d e n t i f i c a t i o n

by x-ray; c h r y s o t i l e
i d e n t i f i c a t i o n bymagnes ium a n a l y s i s

M i n e r a l i d e n t i f i c a t i o n
by x-ray; c h r y s o t i l ei d e n t i f i c a t i o n by
magnes ium a n a l y s i s

I d e n t i f i c a t i o n
by m o r p h o l o g y

I d e n t i f i c a t i o n
by m o r p h o l o g y

I d e n t i f i c a t i o n
by m o r p h o l o g y

I d e n t i f i c a t i o n b y
m o r p h o l o g y ; minerali d e n t i f i c a t i o n by
d i s p e r s i o n s t a i n i n g

M i n e r a l i d e n t i f i c a t i o n
by S A E D ; d chemical
c o m p o s i t i o n byEDXA*

I d e n t i f i c a t i o n o ff i b e r s by magne t i ca l ignment

• A d a p t e d f r o m Burde t t et a l . , 1980.b TEM - T r a n s m i s s i o n e l e c t r on microscope.C SEM - Scanning e l e c t ron microscope.d S A E D - S e l e c t e d area e l e c t r o n d i f f r a c t i o n .e E D X A - E n e r g y - d i s p e r s i v e x-ray ana ly s i s .
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cont en t . When there was a need to c o l l e c t and measure s a m p l e s over short
t i m e s , such as in the e v a l u a t i o n of c o n t r o l s or b r i e f expo sure e p i s o d e s ,
the mass of the smal l amount of m a t e r i a l could be measured by very
s ens i t ive p i e z o e l e c t r i c or b e ta-ab sorp t i on instruments.

M a j o r drawbacks t o the se a n a l y t i c a l m e t h o d s were the i n s e n s i t i v i t y o f
the x-ray method in the d e t e c t i o n of sma l l p a r t i c l e s , the n o n s p e c i f i c i t yin the r e s o lu t i on of c h r y s o t i l e f r o m the other s erpent ine minera l s , and
the s i m i l a r n o n s p e c i f i c i t y of the magnes ium assay. Because much of the
mass measured by gros s m e t h o d s c o n s i s t e d of p a r t i c l e s too large top e n e t r a t e i n t o the l u n g , t e chn ique s were o f t e n used to remove the l a r g e r
p a r t i c l e s b e f o r e assay. The h o r i z o n t a l , p a r a l l e l p l a t e e l u t r i a t o r was Ip r e f e r r e d in the U n i t e d K i n g d o m , whereas i n d u s t r i a l h y g i e n i s t s in the f
U n i t e d S t a t e s t e n d e d t o u s e s m a l l cyc l one dev i c e s .

All the mass me thod s y i e l d r e s u l t s s t a t e d in terms of mass of dus t
per unit volume of air. In o c c u p a t i o n a l environment s , the un i t s commonly
used are m i l l i g r a m s of d u s t per cubic meter of air, whereas the much
lower d u s t masses f o u n d in n o n o c c u p a t i o n a l ambient environments are more
convenient ly expre s s ed as nanograms of du s t per cubic meter of air.

C o u n t i n g m e t h o d s are far more s e n s i t i v e than mass d e t e r m i n a t i o n s ,
since s a m p l e s w i th too l i t t l e mass to be we ighed are u s u a l l y adequa t e for
count ing.^ F u r t h e r m o r e , since small p a r t i c l e s far outnumber large
p a r t i c l e s , c oun t ing e m p h a s i z e s t h e r e s p i r a b l e d u s t . L a s t l y , f i b e r s c a nbe counted s e p a r a t e l y f r o m other p a r t i c l e s . 2

P a r t i c l e s d e p o s i t e d d i r e c t l y on micro s cope s l i d e s by impac t i on or
thermal p r e c i p i t a t i o n can be counted by l i g h t m i c r o s c o p y . However , amore even d i s p e r s i o n can be o b ta ined by i m p i n g i n g a jet of d u s t - l a d e n e d
air on a s u r f a c e submerged in a l i q u i d . The l i q u i d is then t r a n s f e r r e d
f r o m the imp iager to a count ing c e l l where the p a r t i c l e s are a l l o w e d to
s e t t l e so they can be seen and counted in the same f o c a l p l a n e . T h e s e
m e t h o d s have low and d i f f e r i n g e f f i c i e n c y and r e s o l v i n g power. Themembrane f i l t e r , however, i s a very e f f i c i e n t du s t c o l l e c t o r . A f t e rbeing rendered t ran sparen t , thereby making the f i b e r s v i s i b l e , the f i l t e rcan be examined by phase contrast m i c r o s c o p y . The best r e s o l u t i o n is

*For e x a m p l e , 1 ng of c h r y s o t i l e dust would y i e l d 400 f i b e r s 5 ym inl e n g t h and 0.5 ym in d iameter . A nanogram is about a thousand
t imes l i g h t e r than most a n a l y t i c a l ba lanc e s can weigh w i t h p r e c i s i o n andaccuracy.?As noted in C h a p t e r 2, shape alone does not determine whether ap a r t i c l e is a s b e s t i f o r m . In a workp lac e where a s b e s t o s f i b e r s were themajor dust p r e s e n t , the d i s t i n c t i o n was p r e s u m a b l y not o f m a j o r p r a c t i c a l
importance. For o c c u p a t i o n a l environments , a sbe s to s f i b e r s are countedif they are more than 5 ym long and at least three times longer than
they a r e wide ( N a t i o n a l I n s t i t u t e f o r O c c u p a t i o n a l S a f e t y a n d H e a l t h ,1977).
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ob ta ined by the t r a n s m i s s i o n e l e c t r o n mi cro s c op e , which can resolve
p a r t i c l e s made up of only a f ew hundred atoms. Somewhat larger p a r t i c l e smay be i d e n t i f i e d by techniques that reveal the ir chemis try (a probet e c h n i q u e ) o r c r y s t a l l o g r a p h i c c h a r a c t e r i s t i c s ( b y e l e c t r o n d i f f r a c t i o n ) .

R e s u l t s o f i m p i n g e r counts are u s u a l l y e x p r e s s e d in m i l l i o n s o f
p a r t i c l e s p er cubic f o o t ; du s t c o n c e n t r a t i o n s measured by other m e t h o d sare t y p i c a l l y e x p r e s s e d as p a r t i c l e s or f i b e r s per cubic c ent imeter . In
some e l e c t r o n m i c r o s c o p e t e c h n i q u e s , f i b e r s or d i s p e r s e d f i b r i l s are
c o u n t e d , and the r e s u l t s are then converted to un i t s of mass per volume.

M E A S U R I N G A S B E S T O S D U S T I N T H E W O R K P L A C E
T h e I m p i n g e r T e c h n i q u e

E a r l y i n v e s t i g a t o r s o f w o r k p l a c e e x p o s u r e s to a s b e s t o s f i b e r s in the
U n i t e d S t a t e s used the i m p i n g e r t e c h n i q u e , then commonly used in mines.
Dust was c o l l e c t e d in an a l c o h o l medium, u s u a l l y over a short per iod
( e . g . , 20 to 30 m i n u t e s ) , and the s u sp en s i on was examined by l i g h tm i c r o s c o p y at 100X t o t a l m a g n i f i c a t i o n . All p a r t i c l e s in the du s t were
c oun t ed . Very f ew f i b e r s were seen, p a r t l y because o f the low r e s o l v i n gpower o f that o p t i c a l sy s t em. The c o u n t i n g o f l a r g e numbers o f s a m p l e s
was t e d i o u s , and in t erob s erver measurement d i f f e r e n c e s l ed to s y s t e m a t i c
bias.

The f i r s t a s b e s t o s d u s t " s tandard" in the U n i t e d S t a t e s was based on
measurement s made w i t h i m p i n g e r s by Dree s s en et al. ( 1 9 3 8 ) . T h e s e
i n v e s t i g a t o r s c o r r e l a t e d observed h e a l t h e f f e c t s w i t h measured dus t
e x p o s u r e s in the a s b e s t o s t e x t i l e i n d u s t r y and t e n t a t i v e l y c o n c l u d e d ,
w i t h r e s e r v a t i o n s , t h a t l i m i t i n g expo sure t o 5 m i l l i o n p a r t i c l e s p e r
cubic f o o t (5 m p p c f ) o f a ir may be e f f e c t i v e in p r e v e n t i n g a s b e s t o s i s .
No c o r r e l a t i o n w i t h cancer o f any t y p e was a t t e m p t e d . T h e y r e c o g n i z e d ,as did l a t e r i n v e s t i g a t o r s , that counts o f al l p a r t i c l e s prov ided a very
i n d i r e c t index o f d i s e a s e p o t e n t i a l .

T h e Membrane F i l t e r T e c h n i q u e
I n t h e membrane f i l t e r t e chnique , e f f i c i e n t , convenient c o l l e c t i o n

media are used for a s say ing the work environment ( E d w a r d s and Lynch,
1968; H o l m e s , 1965; L e i d e l e_t aL., 1979). A p o r t i o n of the f i l t e r may berendered t r a n s p a r e n t and then examined wi th a pha s e contrast l i g h t
micro s cope . F i b e r s with an a s p e c t ratio grea t er than 3 to 1 are countedon a pr e s c r i b ed , representat ive area of the f i l t e r ^ ( N a t i o n a l I n s t i t u t ef o r O c c u p a t i o n a l S a f e t y a n d H e a l t h , 1977). T h i s technique i s
s u f f i c i e n t l y s en s i t i v e to a l l o w f i b e r s in w o r k p l a c e s to be counted withmeasurable p r e c i s i o n and accuracy.
J S e e C h a p t e r 2 f o r a d i s c u s s i o n o f m i n e r a l o g i c a l d e f i n i t i o n s .
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Prior to the 1960s, f i b e r s of several l e n g t h s were counted s e p a r a t e l y

a n d r epor t ed ( L y n c h , 1 9 6 5 ) . During t h e 1960s, t h e U . S . P u b l i c H e a l t h
Servi c e f o l l o w e d the c ount ing s t r a t e g y d e v e l o p e d in the Brit i sh t e x t i l e
i n d u s t r y , and counted only f i b e r s >5 ym in l e n g t h — a l e n g t h tha t wasl a t e r i n c o r p o r a t e d into t h e U . S . o c c u p a t i o n a l a s b e s t o s s tandard ( U . S .
O c c u p a t i o n a l S a f e t y a n d H e a l t h A d m i n i s t r a t i o n , 1971). T h e l ongerasbe s t o s f i b e r s were be l i eved to be the a g e n t s r e s p o n s i b l e for a s b e s t o s i s( B e a t t i e and K n o x , 1961). In a d d i t i o n , when o n l y the "longer" f i b e r swere c oun t ed , greater pr e c i s i on was a t t a i n e d f rom r e p e t i t i v e f i b e r counts
on the same s p e c i m e n ( A d d i n g l y , 1 9 6 6 ) .

M E A S U R I N G A S B E S T O S D U S T I N T H E A M B I E N T E N V I R O N M E N T
The number of f i b e r s >5 vm in l e n g t h counted on membrane f i l t e r s byphas e c on t ra s t l i g h t m i c r o s c o p y is used as an index for exposure in thei n d u s t r i a l w o r k p l a c e . H o w e v e r , the s e f i b e r s may c o n s t i t u t e only a sma l lp o r t i o n o f t h e t o t a l number o f f i b e r s p r e s e n t . When t h e f i b e r s c o l l e c t e don membrane f i l t e r s , which c o l l e c t p a r t i c l e s as smal l as 0.01 um in

d i a m e t e r , are counted by t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y , up to 100
t i m e s more f i b e r s may be d e t e c t e d than are v i s i b l e by l i g h t m i c r o s c o p y .
( S e e Lynch £ £ £ ! « > 1970, f o r accounts o f s t u d i e s i n t h e t e x t i l e i n d u s t r y ,
and Rohl e£ al., 1976, for measurements in the brake r epair i n d u s t r y . )
The r a t i o o f t r a n s m i s s i o n e l e c t r o n m i c r o s c o p e f i b e r s t o f i b e r s v i s i b l e in
the l i g h t m i c ro s c op e may be a f u n c t i o n o f f i b e r t y p e , i n d u s t r y , d egre e o f
m a n i p u l a t i o n , d i s t a n c e f r o m emis s ion source, and other f a c t o r s . F i b e r sin the ambient environment far f r o m po in t sources o f a s b e s t o s e m i s s i o n s
are g e n e r a l l y much shorter than 5 ym, thinner than 0.5 ym, and, thus ,p r e d o m i n a n t l y s m a l l e r than t h e r e s o l u t i o n c a p a c i t y o f t h e l i g h t
micro s cope ( S p u m y and S t r o b e r , 1981).

In the ambient environment, e l e c t r on beam ins truments can be used to
measure f i b e r c o n c e n t r a t i o n and t o charac t e r i z e s i n g l e , i s o l a t e d f i b e r s
( L a n g e r and P o o l e y , 1973). Other mineral p a r t i c u l a t e s may pose serious
background p r o b l e m s . For e x a m p l e , in areas where rocks and minera l s arecrushed for p r o c e s s i n g , p a r t i c l e s r e s e m b l i n g a s b e s t o s may be e m i t t e d
in to the ambient environment ( L a n g e r e£ a,!., 1 9 7 9 ) .

Because c h r y s o t i l e accounts for more than 90% of the a s b e s t o s used in
t h e U n i t e d S t a t e s , t h e Environmental P r o t e c t i o n Agency ( E P A ) ha s used i tas an index of a s b e s t o s exposure . H o w e v e r , it was cons idered i m p r a c t i c a lto recover the f i b e r s r o u t i n e l y wi thout i n t r o d u c i n g a r t i f a c t s or a l t e r i n gf i b e r size. T h e r e f o r e , only the c h r y s o t i l e mass , as d e t e rmined w i th thee l e c t r o n mi cro s c ope , has been monitored r o u t i n e l y ( T h o m p s o n , 1978).

In the s t a n d a r d t e c h n i q u e , large volumes o f air are p u l l e d throughmembrane f i l t e r s . P o r t i o n s of the f i l t e r s are ashed in nascent oxygen at
low t e m p e r a t u r e s to remove i n t e r f e r i n g organic mat t er . T h i s ash is thend i s p e r s e d in water by u l t r a s o u n d , and the residue is f i l t e r e d ontoanother membrane f i l t e r . T h e n , e i t h er t h i s f i l t e r i s "rubbed out" in a
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n i t r o c e l l u l o s e medium and p o r t i o n s o f t h e n i t r o c e l l u l o s e f i l m examined by
e l e c t r o n beam in s t rumen ta t i on or it is d i r e c t l y t r a n s f e r r e d to an
e l e c t r o n micro s cope grid f or a n a l y s i s . Both m e t h o d s reduce th e f i b e r s t o
unit f i b r i l s , thus enhancing h o m o g e n i z e t i o n of the s p e c i m e n and r e d u c i n g
scan t ime, but i n f o r m a t i o n about the or ig inal nature of the f i b e r s is
l o s t .

R E L A T I O N S H I P S A M O N G V A R I O U S E X P O S U R E M E A S U R E M E N T M E T H O D S
Data on numbers of f i b e r s in the workp la c e have been used inc o r r e l a t i n g expo sure a n d h e a l t h e f f e c t s i n various o c c u p a t i o n a l s t u d i e s

( B r i t i s h O c c u p a t i o n a l H y g i e n e S o c i e t y C o m m i t t e e o n A s b e s t o s , 1983; Dement
e£ aU, 1982; L i d d e l l ££ a_l., 1982). In order to be ab l e to compare
diver s e s t u d i e s and to a s s e s s h e a l t h r i sk s f r o m ambient e x p o s u r e s , i t
would be u s e f u l to e s t a b l i s h a r e l a t i o n s h i p among the various m e t h o d s o f
d e t e r m i n i n g e xpo sur e . S p e c i f i c a l l y , what are th e r e l a t i o n s h i p s among th e
several m e t h o d s used in e s t i m a t i n g a s b e s t o s d u s t in the w o r k p l a c e and in
the ambient environment?

C o n s i s t e n t r e l a t i o n s h i p s among the s e m e t h o d s do no t e x i s t . T h e y are
s u b j e c t t o a n a l y t i c a l error and s u b j e c t i v e b ias ( T h o m p s o n , 1978). As
e x a m p l e s , t h e e l e c t r o n mi cro s c op e t e chn ique a n d i t s a s s o c i a t e d s a m p l i n g
and a n a l y t i c a l t e c h n i q u e s have an e x p e r i m e n t a l error of a p p r o x i m a t e l y 15%
to 302 of the measurement value. R e l a t i v e s t andard d e v i a t i o n s of 452 are
not unusual in l i g h t m i c r o s c o p e counts. In a d d i t i o n , measurement s madein a p a r t i c u l a r environment at d i f f e r e n t t ime s w i l l vary because the
actual concentrat ions vary.

T h e d i f f e r e n t t e chn ique s measure a v a r i e t y o f i n d i c e s , which o f t e n d o
not remain in constant p r o p o r t i o n to each other f r o m s a m p l e to s a m p l e .
F o r e x a m p l e , w i th t h e pha s e c o n t r a s t l i g h t m i c r o s c o p e , f i b e r s l onger than5 ym are counted as a s i n g l e s p e c i e s , whereas shor ter f i b e r s are notcounted at a l l . T h e r e f o r e , a given f i b e r count obtained by t h i stechnique would u n d o u b t e d l y r epre s en t very d i f f e r e n t numbers o f f i b e r s
and mass c o n c e n t r a t i o n s than the same f i b e r count ob ta ined by e l e c t r o nmicro s c opy . In some cases, r e p r o d u c i b l e conversion f a c t o r s may be
d e t e r m i n e d when large numbers of paired s a m p l e s are ana lyzed by the
various m e t h o d s . However, these conversion f a c t o r s u s u a l l y cannot then be
a p p l i e d t o s a m p l e s ob ta ined under a d i f f e r e n t s e t o f c o n d i t i o n s .

T a b l e 4-2 summarizes some r epor t ed a t t e m p t s to d e t e r m i n e conversion
f a c t o r s among the various m e t h o d s . The ra t i o s in that t a b l e are based on
d i r e c t , i n d e p e n d e n t e s t i m a t e s , e x c ep t f o r tho s e in p a r e n t h e s e s , whichwere c a l c u l a t e d f rom other ratios. . A l t h o u g h the accuracy of these
e s t i m a t e s is not known, an order of m a g n i t u d e e i th er way would p r o b a b l yembrace most s i t u a t i o n s . T h e s e ra t i o s are equ iva l en t only in the sensethat they would be expec t ed if s ide-by-side measurements were made in an
environment s i m i l a r to that in which the d a t a were o r i g i n a l l y o b ta in ed .
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TABLE 4-2. R e l a t i o n s h i p s Among M e t h o d s o f M e a s u r i n g Expo sure to

A s b e s t o s in the W o r k p l a c e
Equivalent V a l u e s E x p e c t e d f r o m Various
Measurement M e t h o d s __________

Base V a l u e b

Phase C o n t r a s t E l e c t r o n
Light M i c r o s c o p e M i c r o s c o p e

I m p i n g e r ( P C L M ) (>5-pm- ( E M ) ( E M M a s s( m p p c f ) l o n g f i b e r s / c m ^ ) f i b e r s / c m 3 ) ( m g / m 3 )

1 r a p p c f 1( i m p i n g e r ) c

1 >5-um-long f i b e r s / 0.17
cm3 (PCLM) e

1 EM f i b e r / c m 3
(EM c o u n t )

( 0 . 0 0 2 8 )

( 5 )

0.017

30*

( 3 6 0 ) d

60

( m a s s )
2,0008

( 0 . 2 )

0.03

0.0005

a R a t i o s d e v e l o p e d by Cook and M a r k l u n d , 1982; Davis e_t a_l., 1978; Demente£ a l . , 1982; Lynch et a_l . , 1970; Rohl e£ a l . , 1976, and the B r i t i s h
Occupat ional H y g i e n e S o c i e t y ( W a l t o n , 1982) were used to construct the
t a b l e . Some a d j u s t m e n t was necessary to achieve cons i s t ency.

^Given the base value i n d i c a t e d in column 1, the o ther columns show theequival ent value to be e x p e c t e d f r o m the i n d i c a t e d me thod . T h u s , 1 m p p c f
by impinger would be equivalent to 6 >5-ym-long f i b e r s / c m 3 measured by
PCLM or 360 f i b e r s / c m ^ measured by the EM. Number s have been rounded.c C o l l e c t e d in an i m p i n g e r and counted at 100X l i g h t f i e l d , m p p c f =m i l l i o n s o f p a r t i c l e s p er cubic f o o t .d R a t i o s in p a r e n t h e s e s are c a l c u l a t e d f r o m o ther rat io s .e C o l l e c t e d on membrane f i l t e r s and counted by PCLM at 430X.

^This ra t io converts to 30 LM f i b e r s / n g versus the nominal 20 f i b e r s / n gsometimes used.
8 T h i s rat io converts to 2,000 t o t a l EM f i b e r s / n g .

The d a t a for t h i s t a b l e were obtained f r o m workp la c e dus t c l o u d s or o therenvironmental s a m p l e s c onta ining high c onc en t ra t i on s o f a s b e s t o s .
F i b e r s i z e / w e i g h t r e l a t i o n s h i p s ar e a l s o p r e s e n t e d ( T a b l e 4-3) t o

i n d i c a t e the ra t i o s that might be e x p e c t e d under various c o n d i t i o n s . The
e l e c t r o n micro s cope ( E M ) c o u n t / m a s s ra t i o (2,000 f i b e r s / c m 3 p e r
m g / m 3 ) in T a b l e 4-2 is equivalent to 2,000 EM f i b e r s per nanogram,



T A B L E 4-3. T h e Numbers o f F i b e r s p e r N a n o g r a m f o r D i f f e r e n t S i z e C a t e g o r i e s ( C y l i n d r i c a l
F i b e r S h a p e , D e n s i t y , 2 . 5 ) ; D i a m e t e r / L e n g t h R a t i o i n t h e S e c o n d Line*

Diameter ( P m )
0.031

0.062S

0.125

0.25

0.5

1.0
-

2.0

L e n g t h ( p r o )
0.625 1.25
819,200 409,600

1:20 1:40

204,800 102,4001:10 1:20

51,200 25,600
1:5 1:10

12,800 6,400
1:2.5 1:5

1,600
1:2.5

2.5
204,800

1:80

51,0001:40

12,800
1:20

3,200
1:10

800
1:5

200
1:2.5

5
102,400

1 : 160

25,600
1:80

6,400
1:40

1,600
1:20

400
1:10

LOO
1:5

25
1:2.5

10

12,800
1:160

3,200
1:80

800
1:40

200
1:20

501:10

12.5
1:5

20 40 80

1,6001:160

400 2001:80 1:160

100 50 25
1:40 1:80 1:160

25 12.5 6.25
1:20 1:40 1:80

6.25 3.2 1.6
1:10 1:20 1:40

00VO

•From P o t t , 1978.



90
which corresponds to a d i s t r i b u t i o n of f i b e r s with a mean l e n g t h of 3 ym
and d iame t er of 0.3 ym. Such a d i s t r i b u t i o n s u g g e s t s the presence ofs u b s t a n t i a l numbers of f i b e r s l onger than 5 urn, which would be v i s i b l e
under a l i g h t microscope.

The ambient air in environments far f r o m a s b e s t o s sources have fewf i b e r s longer than 5 ym. In general , those remote ambient environments
w i l l contain many more, but s m a l l e r , f i b e r s in a given mass than wouldthe w o r k p l a c e c l o u d s on which T a b l e 4-2 was based ( S p u m y and S t r o b e r ,
1981). For e x a m p l e , i f the f i b e r s in the remote environment had average
l e n g t h s of 1 urn and d i a m e t e r s of 0.1 urn, there would be 70,000 EM
f i b e r s / n g ( i n s t e a d o f the 2,000 d e t e r m i n e d for the w o r k p l a c e ) and therat io s would be a l t e r e d a c c o r d i n g l y .

E X P O S U R E T O C H R Y S O T I L E I N T H E A M B I E N T E N V I R O N M E N T
C h r y s o t i l e has been d e t e c t e d in urban air ( S e l i k o f f e£ art., 1 9 7 2 ) andin l u n g s of urban d w e l l e r s ( L a n g e r e_t £^L., 1971; P o o l e y , 1972; P o o l e y eta l . , 1970). A m b i e n t l e v e l s o f c h r y s o t i l e a s b e s t o s ar e u s u a l l y e x p r e s s e d

a s mass c o n c e n t r a t i o n s ( n g / m 3 ) . To e s t i m a t e h e a l t h risks f r o m these
ambient e x p o s u r e s , the mass measurement s need to be converted to the
equ iva l en t f i b e r c o n c e n t r a t i o n s that are used as dose measurements in
w o r k p l a c e s , for which d o s e - r e s p o n s e curves have been d e v e l o p e d . T h e r e i s
no s i n g l e way to do t h i s convers ion s ince , as e x p l a i n e d e a r l i e r , the d u s t
c l o u d s are qui t e d i f f e r e n t , e s p e c i a l l y in regard to the sizes o f f i b e r sthey conta in. One a p p r o a c h is to convert the ambient mass d a t a into
numbers of f i b e r s of the s h o r t e s t l e n g t h (5 ym) g e n e r a l l y counted in thew o r k p l a c e , wi th an assumed d i a m e t e r of 0.5 ym and aspec t rat io 10:1.T h e r e are 400 f i b e r s of t h i s size in 1 ng.

For a mass c onc en tra t i on of 20 n g / m 3 , which is t y p i c a l of outdoorenvironments not near known sources, t h i s conversion y i e l d s a
c o n c e n t r a t i o n of 0.0080 f i b e r s / c m 3 . Even in w o r k p l a c e s , however, mostf i b e r s are shorter than 5 ym. Assuming that workplace f i b e r s average3 ym x 0.3 ym ( t h e a s s u m p t i o n made in T a b l e 4-2) and a p p l y i n g theequivalency f a c t o r s in T a b l e 4-2, a t y p i c a l equivalent concentrat ion for
20 ng/ra 3 would be 0.040 f i b e r s / c m 3 . However , if we were to assume anaverage remote ambient f i b e r size of 1 ym x 0.1 ym, then a concen tra t i onof 1.4 f i b e r / c m 3 would weigh 20 ng/m^.

Measurement s of ambient c o n c e n t r a t i o n s observed at s i n g l e s a m p l i n gl o c a t i o n s may vary over several orders of m a g n i t u d e . Sea sona l changes inwind direc t ion, e s p e c i a l l y near emission sources, account for much oft h i s v a r i a b i l i t y . For e x a m p l e , in s t u d i e s r epor t ed by T h o m p s o n ( 1 9 7 8 ) ,20 spec imens obtained downwind f r o m an emis s ion source had average
asbestos f i b e r mass concentrations ranging from 0.03 to 8,200 ng/m 3 .However, f or i n d u s t r i a l c i t i e s in the c on t inen ta l U n i t e d S t a t e s f r o m 1969
to 1970, average airborne a sb e s t o s mass c o n c e n t r a t i o n s ranged f r o m 0.6 to95.0 n g / m 3 , or two orders of magnitude. During 1971 and 1972,
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44 s a m p l e s s i m i l a r l y ob ta ined contained c o n c e n t r a t i o n s ranging f r o m 0.4
to 27.7 ng/m3.

C O M P L I C A T I N G F A C T O R S I N E N V I R O N M E N T A L A S S A Y S
In an a s b e s t o s w o r k p l a c e , all the f i b e r s may be assumed to o r i g i n a t ef r o m the f i b e r being used. H o w e v e r , because remote ambient environment s ,by d e f i n i t i o n , are d i s t a n t f r o m known a s b e s t o s sources , the i d e n t i t y o f

f i b e r s there can n e i t h e r be assumed a_ p r i o r i nor e a s i l y d e t e r m i n e d w i thany c e r t a i n t y , e s p e c i a l l y by l i g h t m i c r o s c o p y ( L a n g e r , 1979). The l i g h tmi cro s c ope s p e c i f i e d f o r a n a l y s i s o f membrane f i l t e r sp e c imens ( p h a s econtra s t m i c r o s c o p y ) y i e l d s only size and shape i n f o r m a t i o n , which may
a l l o w t h e a n a l y s t t o " i d e n t i f y " f i b e r s b y m o r p h o l o g y alone. W i t h t h e
increased r e s o l u t i o n o f th e e l e c t r o n m i c r o s c o p e , th e internal s t ruc ture
of the e l e m e n t a r y c h r y s o t i l e f i b r i l may be v i s u a l i z e d (Langer and P o o l e y ,1973). For c h r y s o t i l e a s b e s t o s , m o r p h o l o g i c a l i n f o r m a t i o n and thebehavior o f the f i b e r under the e l e c t r o n beam are u s u a l l y s u f f i c i e n t
i n f o r m a t i o n for i d e n t i f i c a t i o n (see d i s c u s s i o n in Langer e_£ a_l., 1974).However , o ther f i b e r s require a d d i t i o n a l d i a g n o s t i c pro c edure s . S e l e c t e darea e l e c t r o n d i f f r a c t i o n ( S A E D ) y i e l d s c r y s t a l d a t a r e f l e c t i n g
c h a r a c t e r i s t i c s t r u c t u r a l e l e m e n t s tha t may enable the m i c r o s c o p i s t tod i s t i n g u i s h among t y p e s of f i b e r s . Chemica l i n f o r m a t i o n may a l s o be
o b t a i n e d by means of e i t h e r energy d i s p e r s i v e x-ray a n a l y s i s or c r y s t a l
s p e c t r o m e t r y probe t echniques .

For f i b e r s in remote ambient s a m p l e s to be a c c e p t e d as a s b e s t i f o r m ,
accurate f i b e r i d e n t i f i c a t i o n i s needed . For e x a m p l e , S p u m y and S t r o b e r
( 1 9 8 1 ) have shown that more than 902 of "mineral f i b e r s " in nonurbanareas s a m p l e d in Europe were not a s b e s t o s , b u t , rather, were suchm a t e r i a l s as f i b r o u s g y p s u m and even ammonium s u l f a t e . In a s t u d y of thef i b r o u s content o f the lung s o f the general p o p u l a t i o n , Churg ( 1 9 8 3 )f o u n d a p p r o x i m a t e l y as many nonasbe s to s mineral f i b e r s as a sb e s t o s
f i b e r s . T h e r e f o r e , p r o p e r d i a g n o s t i c t o o l s ar e needed t o characterize
f i b e r s in remote ambient s a m p l e s as a s b e s t i f o r m . Fur th ermor e , whene x t r a p o l a t i n g h e a l t h risks f rom the workp la c e to such remote environ-ments , it must be recognized not only tha t f i b e r concentrat ions and sized i s t r i b u t i o n s are d i f f e r e n t in the two environments but a l so that f i b e rt y p e s may in c lud e n o n a s b e s t i f o r m varie t i e s . The a s b e s t i f o r m p r o p e r t i e senumerated in C h a p t e r 2 cannot as yet be measured on mi c ro s c op i c s a m p l e s .

F U T U R E M E A S U R E M E N T O F E X P O S U R E T O A S B E S T I F O R M F I B E R S
W a l t o n ( 1 9 8 2 ) has noted that "there is no p r a c t i c a b l e a l t e rna t iv e tothe membrane f i l t e r / p h a s e contras t o p t i c a l microscope for routine use inthe o c c u p a t i o n a l environment." N o n e t h e l e s s , the method is tooinsensi t ive and n o n s p e c i f i c to y i e ld the in f ormat i on needed to assessf i b e r exposure in the nonoccupat ional environment.
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Several basic o b j e c t i v e s shou ld g u i d e the d e v e l o p m e n t and eventual

s e l e c t i o n of a method for measuring f i b e r s in n o n o c c u p a t i o n a l or remoteenvironments. F i r s t , the method should y i e l d d a t a that are u s e f u l in
c o n d u c t i n g e p i d e m i o l o g i c a l s t u d i e s r e l a t i n g exposure and d i s e a s e and in
making d e c i s i o n s d e s i g n e d to reduce h e a l t h risks. The id ea l methods h ou ld measure a c h a r a c t e r i s t i c , p a r a m e t e r , or index w i th b i o l o g i c a l
relevance, i.e., the measurement shou ld be r e l a t e d to the risk of thedi s ea s e end point being s t u d i e d . P o s s i b l e t y p e s of measurement i n c l u d ef i b e r number, mass, l e n g t h , d i a m e t e r , and s u r f a c e charge. Because o f thegreat e x t e n t o f environmental v a r i a b i l i t y , d e v e l o p i n g accurate i n f o r m a -
t ion about the c o n c e n t r a t i o n s of f i b e r s in the air w i l l be more d e p e n d e n t
on the number of s a m p l e s c o l l e c t e d than on l i m i t a t i o n s of a n a l y t i c a l
t echniques .

Current m e t h o d s f o r d e t e r m i n i n g ambient c o n c e n t r a t i o n s o f f i b r o u s
p a r t i c l e s could b e n e f i t f r o m s u b s t a n t i a l improvement. However ,
s u f f i c i e n t s t a n d a r d i z a t i o n i s needed t o a l l o w compar i s on s o f d a t a f r o m
various l a b o r a t o r i e s so that a d a t a bank of ambient c o n c e n t r a t i o n s can bee s t a b l i s h e d for use by e p i d e m i o l o g i s t s and o ther researchers.

S e n s i t i v i t y and s p e c i f i c i t y improved as the l i g h t m i c r o s c o p e was
s u p e r c e d e d b y t h e e l e c t r o n micro s cope ( E H ) wi th i t s grea t er r e s o l v i n g
power. One issue t o b e c on s id er ed now concerns t h e r e l a t i v e mer i t s °£using the transmis s ion e l e c t r o n micro s cope (TEM) and the scanning
e l e c t r o n m i c r o s c o p e ( S E M ) . Other i s sue s concern m e t h o d s o f p r e p a r i n g t h ef i b e r s for the EM wi thout d i s t u r b i n g them and d e v e l o p m e n t of improved
i d e n t i f i c a t i o n techniques ( M i d d l e t o n a n d J a c k s o n , 1982).

The SEM has been used e x t e n s i v e l y to examine environmental f i b e r s and
has p r o d u c e d some d r a m a t i c p h o t o g r a p h s o f f i b e r s in s i tu . A l t h o u g h the
S E M d i r e c t p r e p a r a t i o n method p r o v i d e s l i t t l e o p p o r t u n i t y f o r
contaminat ion, the image r e s o lu t i on , c o n t r a s t , and x-ray r e s o lu t i on ofthe SEM have not been s u f f i c i e n t for p r e c i s e m i n e r a l o g i c a l
i d e n t i f i c a t i o n . W i t h an e n e r g y - d i s p e r s i v e x-ray a t t a c h m e n t , the SEM can
now prov ide a n a l y t i c a l i n f o r m a t i o n f or i d e n t i f y i n g minera l s , bu t i t s t i l ldoes not prov ide s t ru c tura l da ta . Because of i t s high r e s o lv ing power,the TEM has been more g e n e r a l l y a p p l i e d to s t u d i e s of environmentalf i b e r s , e s p e c i a l l y when c o n f i d e n c e in f i b e r i d e n t i f i c a t i o n i s required( C h a t f i e l d , 1979, 1982; C h a t f i e l d a n d D i l l o n , 1978).

Researchers do not agree on the best method of p r e p a r i n g
r e p r e s e n t a t i v e and q u a n t i t a t i v e EM s a m p l e s . The f i b e r s in air or watermust be d e p o s i t e d evenly and unal t ered on the f l a t s ur fa c e of an EM gridand spaced far enough apart to be r e a d i l y counted and examined, yet notso far apart that there are too few to count. In most modern methods ,the s a m p l e i s c o l l e c t e d e i ther on mixed c e l l u l o s e e s t e r M i l l i p o r e f i l t e r sor on po ly carbona t e N u d e pore f i l t e r s . To t r a n s f e r the d e p o s i t d i r e c t l yonto an EM g r i d , the f i l t e r must be d i s s o l v e d , u s u a l l y by washing g e n t l ywith s o lvent . W i t h uncoated M i l l i p o r e f i l t e r s , as much as 80* of thef i b e r s i s l o s t .
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T h e most s a t i s f a c t o r y d ir e c t t r a n s f e r p r e p a r a t i o n technique involve s

the carbon coa t ing of p a r t i c l e s on the s u r f a c e of a N u c l e p o r e f i l t e r .T h i s technique is part of the current EPA in t er im procedure ( S a m u d r ae £ a _ l . , 1 9 7 7 ) . N u c l e p o r e f i l t e r s a r e p r e f e r r e d because, unl ike t h eM i l l i p o r e f i l t e r s , they have a smooth, f e a t u r e l e s s s u r f a c e . Because o ft h i s p r o p e r t y , vacuum-coating w i t h carbon p r o d u c e s a r e p l i c a t e that
surrounds and t r a p s the p a r t i c l e s , h o l d i n g them in the ir o r i g i n a l
p o s i t i o n a s th e f i l t e r d i s s o l v e s . The l a r g e amount o f s u r f a c e d e t a i l onM i l l i p o r e f i l t e r s makes them u n s u i t a b l e f o r carbon coa t ing .

Rigorous f i b e r i d e n t i f i c a t i o n i s no t a lways ne c e s sary, e s p e c i a l l y ino c c u p a t i o n a l or other d e f i n e d environments. M o r p h o l o g y alone i s o f t e n
a d e q u a t e , e s p e c i a l l y f o r c h r y s o t i l e . F o r environmental s a m p l e s , which
m a y c on ta in many f i b e r - s h a p e d p a r t i c l e s o f d i f f e r e n t m i n e r a l s , s e l e c t e d
area e l e c t r o n d i f f r a c t i o n ( S A E D ) a n d energy d i s p e r s i v e x-ray a n a l y s i s
(EDXA) may be used to ob ta in c r y s t a l l o g r a p h i c and chemical i n f o r m a t i o n
f o r more p r e c i s e i d e n t i f i c a t i o n s .

R E C O M M E N D A T I O N S
C o n c e n t r a t i o n s of a s b e s t i f o r m f i b e r s in urban and rural l o c a t i o n s ,

and at various d i s t a n c e s f r o m known sources , shou ld be r ou t in e lymoni tor ed so t h a t f i b e r l e v e l s and p o p u l a t i o n e xpo sur e s can be d e t e r m i n e d
wi th r e s p e c t to time and l o ca t i on . F i b e r c h a r a c t e r i z a t i o n is a l s o
n e e d e d . I f f e a s i b l e , the se d a t a s h o u l d b e used i n c o n j u n c t i o n w i t h
h e a l t h s t u d i e s t o d e t e r m i n e any e f f e c t s on t h e e x p o s e d p o p u l a t i o n s .

C h a r a c t e r i z a t i o n o f f i b r o u s d u s t s s h o u l d i n c l u d e t o t h e e x t en tp o s s i b l e t h e l e n g t h , d i a m e t e r , q u a l i t y , a n d t y p e o f a l l f i b e r s p r e s e n t
and t h e i r c o n c e n t r a t i o n s , bo th as mass and number. Direct t r a n s f e r
t e chnique s and TEM e x a m i n a t i o n of the p r e p a r a t i o n s , or o ther t e chnique stha t a l l o w e xamina t i on of p a r t i c l e s as they e x i s t e d in the a e r o s o l ,shou ld be used.

F i b e r moni t or ing t e chnique s for use in n o n o c c u p a t i o n a l environmentsshou ld be s t a n d a r d i z e d so that r e s u l t s f r o m various s t u d i e s arecomparable . Automat ed instrument techniques are needed to permita n a l y s i s of the large number of s a m p l e s required to monitor exposure ofd i f f e r e n t s egment s o f t h e U . S . p o p u l a t i o n over time.
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5E f f e c t s o f A s b e s t i f o r m F i b e r son H u m a n H e a l t h
T h i s chapter begins with a di scus s ion of the type s of evidence that

researchers genera l ly use in determining causes of disease. It thenprov id e s in f ormat i on on b i o d i s p o s l t i o n of f i b e r s and on di sease sas soc iated with exposure to asbestos. A di s cus s ion of h ea l thconsequences that have been associated with nonoccupational exposure ofhumans to asbe s to s and other a s b e s t i f o r m f i b e r s Is f o l l o w e d by ad e s c r i p t i o n o f occupational e p l d e m l o l o g i c a l s tudies.

NATURE OF EVIDENCE
Three lines of e v i d e n c e — c l i n i c a l , e p i d e m i o l o g i c a l , andl a b o r a t o r y — a r e considered when determining whether a part i cu larenvironmental agent may cause adverse e f f e c t s on human health. Forasbe s to s , as for most hazardous environmental agent s , the f i r s t evidenceof h ea l th e f f e c t s was provided by clinical observations. Physiciansobserved that individual or c lu s t er s of cases of pneumoconiosis,^ lungcancer, and f i n a l l y meso the l ioma were as soc iated with exposure toasbestos.
Pneumoconlosls was the f i r s t health e f f e c t to be associated withasbestos. In 1907 Dr. Montague Murray reported his observations of suchdisease in a man who had worked in a carding room at an asbestos plant inEngland (Murray, 1907). In 1924, Cooke wrote that "medical men in areaswhere asbestos is manufactured have long suspec ted the dust to be thecause of chronic bronchitis and fibrosis...." (Cooke , 1924). Numerousother report s f o l l o w e d . Other type s of pneumoconioses, such ass i l icosis, were also known at that time, so asbestosi s , the f i b r o t i cdisease caused by asbes tos , was not an entirely new t y p e of disease.However, mesothelioma was s u f f i c i e n t l y rare that its connection withasbestos was not accepted until 1960 ( W a g n e r , 1960).
Clinical observations led to the hypothes i s that asbestos caused theobserved disease. E p i d e m i o l o g i s t s then conducted s tudies to ascertainwhether the hypothesi s was true. The association was eventually

ipneumoconiosis is the pathological reaction of tissue to theinhalation and accumulation of dust in the lungs.
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e s tab l i sh ed pr imari ly through cohort s t u d i e s , in which the rate of
disease occurrence in an exposed group is compared with the rate in a
group not exposed to the material of concern ( D o l l , 1955; McDonald andM c D o n a l d , 1981; S e l l k o f f and Hammond, 1979).

In laboratory s t u d i e s , a sb e s t o s was adminis tered to animals todetermine whether p a t h o l o g i c a l e f f e c t s s imilar to those found in humanscould be induced. T h e s e experiments f o l l o w e d the m e t h o d o l o g y e s t ab l i s h edin the s c i e n t i f i c s t u d y of I n f e c t i o u s agent s as causes of d i s e a s e — am e t h o d o l o g y la t er ex t ended to the inv e s t i ga t i on of n o n i n f e c t l o u s agent s .However, p e r f o r m i n g the e xper iment s and i n t e r p r e t i n g the r e su l t s are morec o m p l i c a t e d f or di sease s with long latency per iods . The laboratorys tud i e s demons tra t ed that a sbe s to s could cause lung cancer andmesothel iomas in animals. F i b r o t i c reactions, however, u sual ly d i f f e r e d
somewhat f r o m the lesions observed in humans with asbes tos i s . T h i sd i f f e r e n c e could be a t t r i b u t e d to variation among spec i e s and in thenature and amount of f i b e r s ( W a g n e r , 1960).

Each of the three kinds of data have s t r e n g t h s and weaknesses. Theclinician d i s t i n g u i s h e s the observed disease f r o m similar condi t ions and
considers the p o s s i b l e l inks to environmental and other f a c t o r s . Thusthe clinical contribut ion to u n d e r s t a n d i n g l ie s pr imar i ly in thed e f i n i t i o n of clinical e n t i t i e s and in s u g g e s t i n g p o s s i b l e e t i o l og i ca lf a c t o r s . Erroneous conclusions may be d r a w n — o r new ins ight s g a i n e d — i fan a t y p i c a l group of cases comes to a par t i cu lar c l i n i c i a n ' s a t t en t i on .D i f f i c u l t i e s may also arise i f the observed e f f e c t s are c on fu s ed withother syndromes with s imilar signs and symptoms. M i s i n t e r p r e t a t i o n mayalso occur because of the usual reliance at thi s s tage on nonquant i ta t iv em e t h o d s of a s s e s s ing the r e l a t i o n s h i p to environmental circumstances.

The e p l d e m l o l o g i c a l a p p r o a c h r e su l t s in the q u a n t i f i c a t i o n o f riskf or a d e f i n e d h e a l t h e f f e c t a s soc iated with exposure t o par t i cu lar
environmental circumstances. During the a p p l i c a t i o n of th i s m e t h o d , twot y p e s of errors are commonly made: (1) the f i n d i n g s are generalized toofar beyond the p o p u l a t i o n and circumstances s t ud i ed and (2) there is af a i l u r e to a d e q u a t e l y take into account the presence of other f a c t o r sthat may be Involved in a d d i t i o n to, or instead of, the m a j o r f a c t o rbeing examined.

In laboratory experiments in animals, the inves t igator has the greatadvantage of being able to exercise control over the condit ions of
observation, rather than having to rely on observations of naturalphenomena as in most nonintervention clinical and e p i d e m i o l o g i c a ls tudies. A l s o , the laboratory inve s t igator can make more d e ta i l edobservations over time, thereby increasing the po t en t ia l for ascertainingthe mechanism or s t e p s by which the agent exerts its e f f e c t . On theother hand, inference f rom one spec i e s to another carries someuncertainty. There is al so uncertainty in e x t r a p o l a t i n g f r o m laboratoryobservations to the exposures and re sul t ing e f f e c t s experienced byhumans. Furthermore , laboratory animals are usually exposed to oneagent , whereas humans are exposed to many.
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U l t i m a t e l y , the de terminat ion of a causal r e l a t i o n s h i p betweenexposure to an environmental agent and a h ea l th e f f e c t is a j u d g m e n tbased on care fu l evaluation of evidence. G u i d e l i n e s for making suchcausal inference s have been sugge s t ed and general ly a d o p t e d . Fore x a m p l e , K o c h ' s p o s t u l a t e s f o r i n f e c t i o u s agent s c on s t i t u t ed a p o w e r f u land w i d e l y a c c e p t e d framework for j u d g i n g laboratory evidence tode t ermine whether a par t i cu lar microbiological agent is responsible for acertain di sease . No such g u i d e l i n e s have been genera l ly e s tab l i shed forQ o n i n f e c t i o u s agen t s . Perhaps the c lose s t a p p r o x i m a t i o n Is prov ided byt h e f r e q u e n t l y c i t ed criteria a d o p t e d b y t h e S u r g e o n G e n e r a l ' s A d v i s o r yC o m m i t t e e on S m o k i n g and H e a l t h (1964):
The causal s i g n i f i c a n c e of an a s soc ia t ion is a mat ter of j u d g m e n twhich goes beyond any s ta t ement o f s t a t i s t i c a l p r o b a b i l i t y . To j u d g eor evaluate the causal s i g n i f i c a n c e of the as sociat ion between thea t t r i b u t e or agent and the d i s ea s e , or e f f e c t upon h e a l t h , a numberof cri teria must be u t i l i z e d , no one of which is an a l l - s u f f i c i e n t
basis f o r j u d g m e n t . T h e s e cri teria include:

(a) The consi s tency o f the as soc iat ion [ w i t hdiverse me thod s and among m u l t i p l e s t u d i e s ]
(b) The s t r e n g t h o f t h e a s soc iat ion [ r a t i o o frates among those expo s ed to rates among thosenot e x p o s e d ]
( c ) T h e s p e c i f i c i t y o f t h e a s soc ia t ion [ p r e c i s i o nwi th which one component of the a s s o c ia t ed pair can be usedto p r e d i c t the o t h e r ]
( d ) T h e temporal r e l a t i o n s h i p o f t h e as sociation[ i . e . , which comes f i r s t , the agent or the d i s e a s e ]
(e) The coherence of the a s soc iat ion [ w i t h thenatural hi s tory and b i o l ogy of the d i s e a s e ]

The more of these criteria that are met and the stronger the evidencere lated to them, the more l i k e l y it is that a causal r e la t i on sh ipexi s t s . As another e x a m p l e , Hackney and Linn ( 1 9 7 9 ) have u p d a t e d Koch' sp o s t u l a t e s and a p p l i e d them to environmental t ox i c o l ogy.
In evaluat ing r e la t i on sh ip s between exposure to hazardousenvironmental agent s and adverse heal th e f f e c t s , it is u s e f u l to proceedbeyond i d e n t i f y i n g and conf irming the hazard to quant i fy ing the risksunder various conditions. In a recent pub l i ca t i on of the N a t i o n a lResearch Council (1983b), the authors noted that the s t e p s of riskassessment Involve (1) i d e n t i f i c a t i o n of a toxic agent and its e f f e c t s ,(2) determination o f dose-response r e la t i on sh ip s , (3) determination o fthe extent of exposure, and f i n a l l y (4) de terminat ion of risk.
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In some s i t u a t i o n s , i t i s d i f f i c u l t t o i d e n t i f y the e f f e c t s o f anagent because a given d i s e a s e , such as lung cancer, may be caused by avariety of agents. T h u s , exposure to c i g a r e t t e smoke, asbe s to s , certainchromat ea , i on i z ing r a d i a t i o n , some c h e m i c a l s , and p o s s i b l y other a g e n t smay all increase the chance that a per son w i l l d e v e l o p lung cancer. Byc o n t r a s t , f or i n f e c t i o u s d i s e a s e s such a s t y p h o i d f e v e r or t u b e r c u l o s i s ,the microorganism is the s p e c i f i c and only cause, a l t h o u g h not everyone

i n f e c t e d by the organi sm g e t s the d i s ea s e .
•

For most cancers, there is some chance tha t an i n d i v i d u a l w i l l getthe d i s e a s e even w i th no known exposure to an i d e n t i f i e d cause. Inc o m p a r i n g the risk of d e v e l o p i n g the d i s e a s e in an expo s ed per son to therisk for an unexpo s ed per son, i t i s o f t e n crucial and d i f f i c u l t tode t ermine the e x i s t e n c e and value of a "background" rate for thedi s ea s e . A background rate is the rate of occurrence of a d i s ea s e w i t h
no a s s o c i a t i o n , or no known a s s o c i a t i o n , w i th the a g e n t ( s ) be ingc o n s i d e r e d . E x p o s u r e to an agent such as a s b e s t o s may then increase t h i s
background rate. For e x a m p l e , some lung cancer occurs in the absence of
c i g a r e t t e smoking or e x p o s u r e to a s b e s t o s . In the absence of e xpo sure to
a s b e s t o s , c i g a r e t t e smoking increases the chance of g e t t i n g lung cancer
( c o m p a r e d w i t h nonsmoker s) up to a f a c t o r of about 10, varying wi th the
number o f c i g a r e t t e s smoked ( U . S . D e p a r t m e n t o f H e a l t h , E d u c a t i o n , a n d
W e l f a r e , 1 9 7 9 ) . A s b e s t o s e xpo sure among i n s u l a t i o n workers who do not
smoke c i g a r e t t e s increases the risk for lung cancer up to about 5 t imes
( H a m m o n d £t ,£!.•» 1 9 7 9 ) . T o g e t h e r , the c i g a r e t t e smoking and a s b e s t o s
exposure a p p e a r to produce a m u l t i p l i c a t i v e e f f e c t , i.e., the lung cancer
rate is increased up to 5 0 - f o l d above background.

E x p r e s s i n g the r e l a t i o n s h i p as an a b s o l u t e ri sk, rather than as a
r e l a t i v e r i sk , may p r o v i d e i n f o r m a t i o n about the m a g n i t u d e o f the p u b l i c
h e a l t h p r o b l e m . I f a r e l a t i v e l y s m a l l risk i s increased 1 0 - f o l d , t h er e s u l t i n g p u b l i c h e a l t h p r o b l e m may s t i l l b e much s m a l l e r than would
r e s u l t f r o m d o u b l i n g a l a r g e r risk. For e x a m p l e , th e risk f or coronaryheart d i s e a s e among smokers is about 1.6 t ime s greater than the risk for
nonsmokers, as c o n t r a s t e d wi th a 1 0 - f o l d increase in risk for lung cancer
among smokers compared w i th nonsmokers. However , c i g a r e t t e smokingcauses more d e a t h s f r o m coronary heart d i s ea s e than it does f r o m lung
cancer, because the b a s e l i n e "background" risk for heart d i s e a s e is muchhigher than for lung cancer.

B I O D I S P O S I T I O N O F F I B E R S
In th i s s e c t i on the commit t e e b r i e f l y d e s cr ib e s how a s b e s t i f o r mf i b e r s enter the b o d y , the p r o p e r t i e s of f i b e r s that are important inc e l l u l a r i n j u r y , a n d f a c t o r s a f f e c t i n g d u r a b i l i t y o f f i b e r s a f t e rd e p o s i t i o n and in t e rac t i on with c e l l s . F i g u r e 5-1 shows the anatomy ofthe r e s p i r a t o r y tract and the ind iv idua l c e l l t y p e s involved ina sb e s t o s -a s s o c ia t ed d i s ea s e s . T h e p a t h o l o g i c a l e f f e c t s o f a sb e s t o s begin
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N a s a l Cavi ty
Pharynx

M a i n Bronchus

V i s c e r a l
P l e u r a

P a r i e t a lP l e u r a

A l v e o l i

S e e F i g u r e 5-1C

See F i g u r e 5-1B
P l e u r a l Cav i ty (the p l e u r a consi s t s o f themembrane e n v e l o p i n g the l u n g s and
l i n i n g th e chest c a v i t y )

D i a p h r a g m

F I G U R E 5-1A. Routes o f i n h a l a t i o n and i n g e s t i o n of a s b e s t i f o r m f i b e r sare shown by smal l arrows. M e s o t h e l i a l c e l l s l ine theo u t s i d e of the lung s and the p l e u r a l and p e r i t o n e a l
c a v i t i e s . I n t e r a c t i o n o f a s b e s t o s wi th the s e c e l l s c a nre su l t in e i t h e r p l e u r a l or p e r i t o n e a l r a e s o t h e l i o m a .
A d a p t e d f r o m W a g n e r , 1980.
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E p i t h t l i i m

FIGURE 5-1B.

FIGURE 5-1C.

Mucin Grtnuk

t o T r a d w *

Comwctivt Titiue

C i l i a t e d C e l l

*- p£-V:
M*croph*gt—*-]•

to Lungs

C e l l s of the bronchus, or large airways, l eading f r o m thetrachea. The e p i t h e l i a l cell layer consi s t s o f c i l i a t e d
c e l l s , mucin-secret ing goble t c e l l s , and basal c e l l s . Thein t e rac t i on of a sb e s t o s with the e p i t h e l i u m and withmacrophage s is believed to be re la ted to the onset ofasbe s to s-re la t ed di sease s . E p i t h e l i a l c e l l s are the targetfor most lung cancer, whereas the macrophages serve asI n t e r m e d i a r y c e l l s .

I n t f r s t i t i * ' SMC*

C e l l s of the a lv eo l i , where gas exchange occurs. I n t e r a c -tion of a sbe s to s with f i b r o b l a s t s within the i n t e r s t i t i a l
space can result in f i b r o s l s , whereas interaction ofasbe s to s with alveolar e p i t h e l i a l c e l l s can give rise tolung cancer. (Drawing f r o m Guyton, 1971.)
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when f i b e r s are inhaled and i n g e s t e d . S u b s e q u e n t l y , they are d e p o s i t e dei ther in the r e s p i r a t o r y t rac t or in the g a s t r o i n t e s t i n a l t ra c t . F i b e r s
can then interact with resident c e l l s and eventual ly move to the pleuraand various organs. The mechanisms by which f i b e r s reach the per i t oneum
are not known.

F i b e r D e p o s i t i o n
Variou s f a c t o r s i n f l u e n c e th e d e p o s i t i o n o f inhaled p a r t i c l e s in ther e s p i r a t o r y t ra c t . When n o n f i b r o u s compact d u s t p a r t i c l e s ar e i n h a l e d ,

the ones greater than about 5 urn in d i a m e t e r are g enera l ly t r a p p e d in thenasal p a s s a g e s b e f o r e reaching th e r e s p i r a t o r y sy s t em ( W a l t o n , 1982).H o w e v e r , inhaled f i b e r s al ign p a r a l l e l to the airways and act as sphere s
of a p p r o x i m a t e l y "equivalent" d i a m e t e r ( G r o s s , 1981; T i m b r e l l e t a l . ,1970), where the equivalent or aerodynamic d i a m e t e r of a p a r t i c l e isd e f i n e d as the d i a m e t e r of a sphere w i th a d e n s i t y of 1 g/cm^ that hasthe same f a l l i n g sp e ed as the p a r t i c l e . T h e r e i s no sharp c u t o f f ofp a r t i c l e s izes d e t e r m i n i n g their d e p o s i t i o n s i t e (Brain and V a l b e r g ,1974).

The aerodynamic d i a m e t e r o f f i b e r s d e p e n d s p r i m a r i l y on the
d iame t e r . For f i b e r s with a s p e c t ra t i o s grea t er than about 10:1, it i sonly s l i g h t l y a f f e c t e d b y l e n g t h ( T i m b r e l l , 1 9 6 5 ) . F r o m h i s e x p e r i m e n t sin r a t s , T i m b r e l l ( 1 9 6 5 ) f o u n d that the aerodynamic d i a m e t e r o f f i b e r swas about 3 times the actual d iameter of the f i b e r s . F i b e r s withd i a m e t e r s grea t er than about 3 urn would be very unl ik e ly to reach thealveo l i .

The s izes o f inhaled and d e p o s i t e d f i b e r s have been compared . M o r g a net al. ( 1 9 7 9 ) showed the r e l a t i o n s h i p between median aerodynamic d iame t e rand alveolar d e p o s i t i o n in rats using a variety of f i b e r s . Hammad et al.( 1 9 8 2 ) e xp er imen t ed with r e t en t i on of sized g l a s s f i b e r s in lungs of ratsand f ound that f i b e r s l e s s than 1 ym in d iame t er accounted for most ofthe f i b e r s retained ( F i g u r e 5-2). A l t h o u g h the count median l e n g t h o f
f i b e r s in the aerosol inhaled by the rats was 13 ym, the count medianl e n g t h f o u n d in lungs was 7 ym; for actual (as o p p o s e d to aerodynamic)
d iame t e r s , the r e s p e c t i v e values were 1.2 ym and 0.5 ym. T h e y al so f o u n dthat l e n g t h p l a y e d some role. T i m b r e l l (1982) compared the sizes off i b e r s f o u n d in the air of an a n t h o p h y l l i t e mine and mill with the sizesof f i b e r s f o u n d in the lungs of three adu l t workers.

Both the conf igurat ion and dimension of a s b e s t i f o r m f i b e r s determinewhere they impact a f t e r inhalation. Because the curlier chryso t i l e f i b e rhas a r e la t iv e ly large cross-sectional area, its chance for i n t e r c e p t i o nin the airways is greater. H e n c e , these f i b e r s are more l i k e l y tod e p o s i t in larger bronchiole s (Morgan et al . , 1973), whereas thin,rod l ike f i b e r s are carried p e r i p h e r a l l y to the terminal airways andalveoli ( T i m b r e l l , 1965; Timbre l l et al., 1970; Wagner e_t al., 1974).
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FIGURE 5-2. Compar i s on of d i m e n s i o n s of man-made mineral f i b e r s in e x p o s u r e chamber and rat l u n g .
Prom Hammad et a l . , 1982.
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In a d d i t i o n to d i a m e t e r and shape , f a c t o r s such as changes inb r e a t h i n g rate , i n d i v i d u a l anatomic v a r i a t i o n s , smok ing , and the pre s ence

of b r o n c h i t i s or lung d i s e a s e a l s o i n f l u e n c e bo th the extent and s i t e of
f i b e r d e p o s i t i o n in humans (Brain and V a l b e r g , 1979; S a n c h i s e t a l . ,
1 9 7 1 ) .

S t u d i e s in a n i m a l s have d e m o n s t r a t e d that most d e p o s i t e d f i b e r s are
removed f r o m the r e s p i r a t o r y tract w i t h i n a few days . However , at l e a s t
a quart er of the i n i t i a l burden remains 1 month l a t e r (Evans et a l . ,
1973; Muggenburg £t £!.•, 1981). S i n c e much of the inhaled a s b e s t o s is
not r e a d i l y c l e a r e d , p u l m o n a r y t i s s u e burden in humans may be a u s e f u l
index of e xpo sur e . A t t e m p t s have been made to q u a n t i f y the amount of
f i b e r s and f e r r u g i n o u s b o d i e s in human and animal l ung s in order to reach
a b e t t e r u n d e r s t a n d i n g o f th e mechanism o f a c t i o n o f th e f i b e r s . Ina d d i t i o n to p u l m o n a r y or o ther t i s s u e s , s p u t u m and lavage s a m p l e s have
been s t u d i e d ( D i M e n z a , 1980).

A n a l y s e s o f l ung t i s s u e s a m p l e s f r o m humans i n d i c a t e that h eav i ly
e x p o s e d workers can be d i s t i n g u i s h e d f r o m those l i g h t l y exposed or f r o m
c o n t r o l s . S e b a s t i e n e t a l . ( 1 9 7 7 ) r e p o r t e d tha t t h e number o f
f i b e r s / c m ^ of l u n g s a m p l e , as seen by the l i g h t m i c r o s c o p e , was
a p p r o x i m a t e l y 10^ for a h e a v i l y e x p o s e d g r o u p , 10^ for l i g h t l y
e x p o s e d workers, and 102 for c on t ro l s .

E a r l y re s earchers d i s c o v e r e d the pre s ence o f a s b e s t o s b o d i e s a s w e l l
as a s b e s t o s f i b e r s in p u l m o n a r y t i s s u e s o f e x p o s e d workers, e s p e c i a l l y in
tho s e w i th a s b e s t o s i s ( C o o k e , 1927, 1 9 2 9 ; Cooke a n d H i l l , 1930; G l o y n e ,
1929; S e b a s t i e n e j^ â ., 1979). A s b e s t o s b od i e s are a s b e s t o s f i b e r s c oa t ed
w i t h an i r o n - p r o t e i n m a t e r i a l that i s r e a d i l y v i s i b l e w i th a l i g h t micro-
scope. The c o a t i n g , which i s p r o d u c e d by m a c r o p h a g e s ( S u z u k i and C h u r g ,
1 9 6 9 ) , seems t o prevent th e f i b e r f r o m i n t e r a c t i n g wi th c e l l s a s
e f f e c t i v e l y as uncoated f i b e r s . Because the c o a t i n g may a l so be found onother t y p e s o f f i b e r s , the term f e r r u g i n o u s body i s now o f t e n used
i n s t e a d o f a s b e s t o s body. T h e r e are many r e p o r t s o f f e r r u g i n o u s bod i e s
counted under various c i r cums tanc e s ( S e b a s t i e n e_t a_l., 1 9 7 9 ) , but thep a t h o l o g i c a l s i g n i f i c a n c e o f th e s e b od i e s i s unclear. A s b e s t o s b od i e sf o r m w i th g r e a t e r e f f i c i e n c y on var i e t i e s of a m p h i b o l e a s b e s t o s than on
c h r y s o t i l e ( P o o l e y , 1 9 7 2 ) . Because t h e vast m a j o r i t y o f d e p o s i t e d f i b e r s
are not converted to f e r r u g i n o u s b o d i e s , the presence of the se b o d i e sr e f l e c t s p a s t e xpo sur e in only a very l i m i t e d way.

E l e c t r o n m i c r o s c o p e ob s ervat ions have p r o v i d e d d e t a i l e d i n f o r m a t i o n
on the d e p o s i t i o n of f i b e r s in animal and human t i s s u e s ( L a n g e r et a l . ,1973; P o o l e y , 1 9 7 2 ) . C h r y s o t i l e seems to d e g r a d e or be removed in vivomore r e a d i l y than the a m p h i b o l e s ( L a n g e r e_t a_l., 1972a, b; Wagner et a l . ,1974, 1982; R o w l a n d s , 1983). F i b e r s f o u n d in t i s s u e s a m p l e s obtainedf r o m the general p o p u l a t i o n tend to be shorter in l e n g t h and d iame t e rthan those f o u n d in workers ( L a n g e r e_£ al., 1971; Poo l ey e_t al. , 1970).
F i b e r s have a l s o been d e t e c t e d in e x t r a p u l m o n a r y t i s s u e s f r o m both humans
and animals . (For reviews, see S e b a s t i e n ££ a_l., 1979 and Cook, 1983).
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F i b e r burden in the lung parenchyma ( t h e body of the l u n g ) may be

d i f f e r e n t f r o m tha t i n t h e p a r i e t a l p l e u r a ( t h e p l e u r a l i n i n g t h e chestc a v i t y ) as shown in a s t udy of 29 per sons , most of whom had p l e u r a l
a s b e s t o s i s ( S e b a s t i e n e£ j r t . , 1 9 7 9 ) . The parenchymal s a m p l e s had bo th
a m p h i b o l e and c h r y s o t i l e f i b e r s . T h e i r average l e n g t h was 4.9 ym; 152 of
them were l o n g e r than 8 urn. The p l e u r a l s a m p l e s were p r e d o m i n a n t l y
c h r y s o t i l e f i b e r , w i t h an average l e n g t h of 2.3 ym; 2% of these f i b e r s
were l onger than 8 ym. T h u s , short c h r y s o t i l e f i b e r s t e n d e d to
p r e d o m i n a t e in the p a r i e t a l p l e u r a .

M o s t s t u d i e s of f i b e r s in human t i s s u e s have been c o n d u c t e d inworkers known to have been e xpo s ed to a s b e s t o s ( C h u r g , 1983a). H o w e v e r ,
there have been some s t u d i e s of the amounts and t y p e s of f i b e r s in the
general p o p u l a t i o n ( C h u r g , 1983b; Churg and W a r n o c k , 1980). Churg
( 1 9 8 3 b ) examined mineral f i b e r s 2 in the pu lmonary t i s s u e s of 20
p a t i e n t s w i t h no known o c c u p a t i o n a l e x p o s u r e to a s b e s t o s . He r e p o r t e d 13
t y p e s o r g r o u p s o f m i n e r a l s , other than a s b e s t o s , i n c l u d i n g s i l i c a , t a l c ,and a t t a p u l g i t e . More than 85% of the p a r t i c l e s c o u n t e d , and al l o f the
a t t a p u l g i t e p a r t i c l e s , were l e s s than 5 urn l ong .

C l e a r a n c e and T r a n s p o r t
S e v e r a l mechanisms are involved in c l e a r i n g f i b r o u s m a t e r i a l s f r o m

the lung . T h e s e i n c l u d e removal by the b e a t i n g o f c i l i a t e d c e l l s and
s ecre t ion o f mucin ( i . e . , m u c o c i l i a r y c l e a r a n c e ) , t r a n s p o r t by a l v e o l a r
m a c r o p h a g e s to regional l y m p h node s and d i s t a l s i t e s ( L i p p m a n n e t a l . ,
1980; M o r g a n e£ a_l., 1978, 1 9 8 2 ) , u p t a k e by e p i t h e l i a l c e l l s tha t l in e
the airways and a l v e o l i ( M o s s m a n ££ al., 1 9 7 7 ; S u z u k i , 1 9 7 4 ) , and d i r e c t
t r a n s l o c a t i o n o f f i b e r s between e p i t h e l i a l c e l l s t o t h e in t e r s t r i t i u m a n d
the p l eura .

T h e p h y s i c a l p r o p e r t i e s ( i . e . , l e n g t h a n d c r o s s - s e c t i o n a l d i m e n s i o n s )
o f f i b e r s a p p e a r t o d e t e r m i n e th e mechanisms o f c e l l u l a r i n t e r a c t i o n and
t r a n s p o r t . For e x a m p l e , short f i b e r s wi th f i n e d i a m e t e r s can b e
t r a n s l o c a t e d w i t h i n c e l l s , whereas l onger f i b e r s ( a p p r o x i m a t e l y 20 ym
l o n g ) are not c o m p l e t e l y e n g u l f e d by m a c r o p h a g e s and are c l eared
i n e f f e c t i v e l y (Morgan £££!.«» 1978). I n c o m p l e t e mucoc i l iary clearance
might r e su l t f r o m d i s c o n t i n u i t i e s in the mucus layer or h y p e r s e c r e t i o n , as i t u a t i o n observed in p e o p l e who smoke or have i n f e c t i o n s .
A l t e r n a t i v e l y , t o x i c i r r i t a n t s such a s c i g a r e t t e smoke cause d y s f u n c t i o nand l o s s o f c i l i a t e d and s e c r e t ory c e l l s that l ine the airways ( S a n c h i se£ aK, 1 9 7 1 ) .

Clearance of a s b e s t o s f r o m the g a s t r o i n t e s t i n a l tract i s l e s s w e l l
u n d e r s t o o d , a l t h o u g h i t has been r e p o r t e d tha t f i b e r s cross the mucosa of

2 T h e m a t e r i a l s d e t e c t e d d id no t n e c e s s a r i l y have th e c h a r a c t e r i s t i c s o fa s b e s t i f o r m f i b e r s .
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the s tomach and in t e s t in e s ( C o o k , 1983; W e s t l a k e et a l . , 1965). F i b e r s
have been d e t e c t e d in urine and f e c e s (Muggenburg et al . , 1981). Wheni n j e c t e d into the f emoral vein of pregnant rat s , chryso t i l e crosses thep l a c e n t a and has been observed in f e t a l l iver and lung (Cunningham andP o n t e f r a c t , 1974).

C L I N I C A L A S P E C T S O F A S B E S T O S - A S S O C I A T E D D I S E A S E S
The f o u r m a j o r a s b e s t o s -r e la t ed d i s ea s e s or changes are: (1) lung

cancer; (2) meso the l ioma; (3) pulmonary a sbe s to s i s; and (4) pleuralp l a q u e s or d i f f u s e t h i ck en ing , c a l c i f i c a t i o n s , and e f f u s i o n . Some othercancers may also be r e la t ed to a sbe s to s exposure ( S e l i k o f f et al.,1979). Lung cancer and m e s o t h e l i o m a are t y p i c a l l y f a t a l cancers.T h e r e f o r e , the degrees of severity are general ly not relevant. Pulmonarya s b e s t o s i s and the p l eural changes noted above are nonmallgnantp a t h o l o g i c a l c ond i t i on s that may range f r o m mild to severe. T h e y areu sua l ly re la t ed to the amount ( i n t e n s i t y and d u r a t i o n ) of exposure thatthe individual has experienced.
A l t h o u g h lung cancer can u s u a l l y be d iagno s ed wi th reasonablec er ta inty, meso the l ioma and a s b e s t o s i s are o f t e n more d i f f i c u l t to

i d e n t i f y . For e x a m p l e , by the time a tumor is observed in a pa t i en t wi thm e s o t h e l i o m a , it may be d i f f i c u l t to a s c er ta in both cell t y p e and t i s sueof origin. For a s b e s t o s i s , there is no c o m p l e t e agreement as to whatcons t i tu t e s a d e f i n i t i v e d iagnos i s , e s p e c i a l l y for milder cases. The s ed i a g n o s t i c uncer ta in t i e s pre s en t d i f f i c u l t i e s t o those analyzing re su l t sof e p i d e m i o l o g i c a l s t u d i e s and d e t e r m i n i n g incidence rates.
I n h a l a t i o n is the m a j o r route by which a s b e s t i f o r m f i b e r s enter thebody. T h e y may a l s o enter the d i g e s t i v e trac t via inge s t ed material such

as water or drugs or via a sbe s to s-containing secretions f r o m the lungairways that are brought up into the mouth and then swallowed (Bouhuys,1974; Langer et al . , 1979; S e l i k o f f and Lee , 1978).

N e c e s s a r y A s s u m p t i o n s Used in Determining H e a l t h E f f e c t s
In the absence of adequate data on the h ea l th e f f e c t s of low-leveland nonoccupational exposure, certain a s s u m p t i o n s must be made in orderto pred i c t and I d e n t i f y po s s ib l e heal th e f f e c t s . One as sumption is thatclinical m a n i f e s t a t i o n s in nonoccupat ional and occupat ional i l lne s s willbe s imilar in kind but not necessarily in extent or degree. In cases of

lung carcinoma and meso the l i oma, malignancy is usually the cause ofdea th . Both the time f r o m exposure to onset of symptoms and the rate ofprogre s s i on f r o m time of d iagnos i s are assumed to be similar in
nonoccupational and occupational disease.
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There i s l i t t l e i n f o r m a t i o n about the rate at which p u l m o n a r ya s b e s t o s i s p r o g r e s s e s f o l l o w i n g removal f r o m e x p o s u r e ( B e c k l a k e , 1 9 7 6 ) ,e s p e c i a l l y b r i e f , l ow-leve l e xpo sure . S e i d m a n e t a l . ( 1 9 7 7 ) showed t h a t

even exposure of a few months and no known subsequent external exposure
can increase the risk of lung cancer. It wou ld be i m p o r t a n t to know how
removal f r o m s p e c i f i c e x p o s u r e t o a s b e s t o s m o d i f i e s t h e risk o f g e t t i n g
lung cancer or severe a s b e s t o s i s . Day and Brown ( 1 9 8 0 ) have d i s c u s s e d
t h i s s u b j e c t w i t h regard to cancer and a s b e s t o s .

S e n s i t i v i t y a n d S p e c i f i c i t y o f C l i n i c a l E v i d e n c e
It i s d i f f i c u l t t o show t h a t a d i s e a s e i s a s s o c i a t e d w i t h expo sure to

a s b e s t i f o r m f i b e r s when the e x p o s u r e is n o n o c c u p a t i o n a l and had not
p r e v i o u s l y been s u s p e c t e d . One reason is that c l i n i c a l s y m p t o m s and
s i g n s and u n d e r l y i n g t i s s u e r e a c t i o n s are o f t e n general and n o n s p e c i f i c .
A l t h o u g h c e r t a i n c l i n i c a l p i c t u r e s , such a s b i l a t e r a l p l e u r a l t h i c k e n i n g ,a r e t y p i c a l l y a s s o c i a t e d w i t h a s b e s t i f o r m f i b e r - r e l a t e d d i s e a s e , many
cause s can evoke the same or a very s i m i l a r r e sponse . In a d d i t i o n ,
m e s o t h e l i o m a is rare, and most cases i n v e s t i g a t e d seem to have been
a s s o c i a t e d w i t h a s b e s t o s e xpo sur e .

T h e d i a g n o s t i c p r o c e s s o f t e n b eg in s wi th o b s e rva t i on s o f r e s p i r a t o r ys y m p t o m s t h a t e s t a b l i s h f u n c t i o n a l i m p a i r m e n t . T h e n t h e p o s s i b l e
m o r p h o l o g i c a l change s u n d e r l y i n g the change in f u n c t i o n are c o n s i d e r e d .
F i n a l l y , the agent or f a c t o r tha t caused the t i s s u e changes i s s o u g h t .

The response to an inha l ed agent such as a sb e s t o s is l i k e l y to
i n c l u d e airway r e a c t i o n s a n d t i s s u e r e a c t i o n s ( B e c k l a k e , 1 9 7 6 ; C r a i g h e a d
£££!.., 1982; S e l i k o f f a n d L e e , 1 9 7 8 ) t h a t a f f e c t b r e a t h i n g a n dv e n t i l a t i o n in a manner s i m i l a r to the e f f e c t o f smoking ( N i e w o e h n e r ,
1974). Moreover , t obac co smoking i s a c o n f o u n d i n g f a c t o r in the
d e v e l o p m e n t o f a s b e s t o s - r e l a t e d d i s e a s e , e x c e p t f o r m e s o t h e l i o m a s
( H a m m o n d e£ _ § _ ! • » 1 9 7 9 ) . T h u s , smoking h i s t o r y , as w e l l as o ther
environmental and o c c u p a t i o n a l e x p o s u r e s , are re l evant in d e t e r m i n i n gwhether a d i s e a s e may be r e l a t e d to a sbe s t o s exposure.

When d i s e a s e s are observed in o c c u p a t i o n a l g r o u p s e xpo s ed toa sb e s t o s , the e xpo sur e may be c on s id er ed as a cause or c o n t r i b u t i n gf a c t o r ( C r a i g h e a d e£ a_l., 1982; Goodman, 1983; S e l i k o f f and Lee, 1 9 7 8 ) .
When such d i s e a s e s occur among p o p u l a t i o n s not e x p o s e d in the w o r k p l a c eand e x p o s u r e to a s b e s t o s is not s u s p e c t e d , the r e l a t i o n s h i p may never be
e s t a b l i s h e d . H o w e v e r , i f m e s o t h e l i o m a i s s u s p e c t e d in suchnonoccupat ional group s , a sb e s t o s exposure w i l l a lmos t c e r t a i n l y be ad i a g n o s t i c c on s id era t i on . I n c o n t r a s t , p a t i e n t s b e l i ev ed t o have lungcancer may be asked about smoking but not about a s b e s t o s e xpo sure . F o r .nonmal ignant d i s e a s e s , such as p u l m o n a r y f i b r o s i s , n o n o c c u p a t i o n a lexpo sure to a s b e s t o s is l i k e l y to be l i g h t and may l ead to somea b n o r m a l i t i e s , ma in ly p l e u r a l , but to no more than m i l d f u n c t i o n a l
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i m p a i r m e n t . A g a i n , an a s s o c i a t i o n w i t h a s b e s t o s e xpo sur e may never be
e s t a b l i s h e d .
Genera l D i a g n o s t i c M e a s u r e s

•
The f o l l o w i n g general d i s c u s s i o n o f d i a g n o s i s i s f o l l o w e d by more

s p e c i f i c i n f o r m a t i o n on each d i s e a s e . D e p e n d i n g on the d i s e a s e , thep a t i e n t ' s h i s t o r y o f t e n c on ta in s a c c o u n t s o f s h o r t n e s s o f br ea th( d y s p n e a ) upon exerc i s e and, p e r h a p s , at r e s t ; a dry cough or one t h a t
p r o d u c e s s p u t u m ; o c ca s i ona l c o u g h i n g up o f b l o o d ; and chest pain. Other
s y m p t o m s may i n c l u d e g enera l i z ed m a l a i s e , f a t i g u e , and we ight l o s s . N o n e
o f th e s e c o m p l a i n t s a r e p a t h o g n o m o n i c ^ f o r a n y s i n g l e i l l n e s s
( B e c k l a k e , 1976; Bouhuys and Gee , 1980).

C h e s t r a d i o g r a p h s are an i m p o r t a n t s c r e e n i n g and d i a g n o s t i c t o o l .
F o r o c c u p a t i o n a l d i s e a s e s w i t h w e l l - e s t a b l i s h e d e x p o s u r e , t h e
r a d i o g r a p h i c a p p e a r a n c e may be so c h a r a c t e r i s t i c that it p r o v i d e s a
d i a g n o s i s w i t h a h igh degree o f l i k e l i h o o d . For nonoccupat i onal
d i s e a s e s , a c h a r a c t e r i s t i c ches t r a d i o g r a p h may s u g g e s t a s b e s t o s - r e l a t e d
c h a n g e s as a p o s s i b i l i t y ( G o o d m a n , 1983; W e i l l e£ £ l . , 1 9 7 3 ) . An
i n t e r n a t i o n a l c l a s s i f i c a t i o n f o r t h e r a d i o l o g i c a l a s s e s sment o f
a s b e s t o s i s and a s b e s t o s - i n d u c e d p l e u r a l d i s e a s e has been recommended to
h e l p s t a n d a r d i z e d i a g n o s e s ( A m e r i c a n C o l l e g e o f R a d i o l o g y , 1982;
I n t e r n a t i o n a l Labour O f f i c e , 1980).

V a r i o u s a b n o r m a l i t i e s may be d i s c o v e r e d by c o n d u c t i n g a p h y s i c a l
e x a m i n a t i o n o f a p a t i e n t w i th an i l l n e s s p o s s i b l y r e l a t e d t o e x p o s u r e t o
a s b e s t i f o r m f i b e r s . C h e s t a u s c u l t a t i o n ^ i s noninvas ive , s i m p l e , a n d
quick t o p e r f o r m , a n d t h e r e f o r e l e n d s i t s e l f t o s cr e ening. H o w e v e r , t h e
p r o c e d u r e has l i m i t a t i o n s as a c l i n i c a l t o o l because of v a r i a b i l i t y in
i t s a p p l i c a t i o n among c l i n i c i a n s and i t s l a ck o f s e n s i t i v i t y and
s p e c i f i c i t y f o r a s b e s t o s i s .

Lung f u n c t i o n t e s t s a r e o f t e n u s e f u l i n d i a g n o s i n g d i s e a s e s tha t
m i g h t b e r e l a t e d to a s b e s t o s , a l t h o u g h p u l m o n a r y t e s t s a lone do no t l e a d
to a d e f i n i t i v e d i a g n o s i s . T h e r e are two ba s i c g r o u p s o f lung f u n c t i o n
t e s t s :

S p i r o m e t r i c t e s t s . T h e s e t e s t s a r e p e r f o r m e d t o measure v i t a lc a p a c i t y and timed e x p i r a t o r y vo lume s , to a s s e s s r e s t r i c t i o n s on l u n g
movement (as in f i b r o s i s or p l e u r a l t h i c k e n i n g ) or o b s t r u c t i o n s to air
f l o w in the airways (as in b r o n c h i t i s or e m p h y s e m a ) , and to screen for

^ D i s t i n c t i v e l y c h a r a c t e r i s t i c o f a s p e c i f i c d i s e a s e , i.e., the pr e s enc eo f the symptom u n i q u e l y d e t e r m i n e s the d i a g n o s i s .
^ A u s c u l t a t i o n is the act of l i s t e n i n g to s ound s made by b o d y organs ,

such as lungs .
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di s ease . Lung volumes may also be measured, but the neces sary equipment
i s a v a i l a b l e only in w e l l - e q u i p p e d pu lmonary f u n c t i o n l a b o r a t o r i e s .

T e s t s t o measure d i f f u s i n g c a p a c i t y . I n the se t e s t s , measurementsare m a d e - o f the lung' s a b i l i t y to exchange oxygen and carbon d i o x i d e ( t h e"blood ga s e s ") between air s pa c e s ( a l v e o l i ) and smal l blood v e s s e l s( c a p i l l a r i e s ) . T h i s so-cal l ed d i f f u s i n g c a p a c i t y measurement ha s beenused e x t e n s i v e l y , in part because it is noninvasive. A reduced d i f f u s i n gc a p a c i t y r e s u l t s when a decreased amount of s u r f a c e area is a v a i l a b l e forgas exchange, which may occur in pu lmonary emphysema or in pulmonaryparenchymal a s b e s t o s i s . The most accurate way of a s s e s s ing blood gasexchange is to measure the p a r t i a l pr e s sur e s of oxygen and carbon d i o x i d e
in ar t e r ia l b l o o d , but the use of th i s t e s t in screening is l i m i t e d
because i t requires s a m p l i n g of ar t er ia l b l ood .

T h e s e pulmonary f u n c t i o n t e s t s give r e l i a b l e i n f o r m a t i o n on thedegre e of f u n c t i o n a l i m p a i r m e n t , and most of them are r e l a t i v e l y s i m p l e ,inexpen s ive , and easy to p e r f o r m . F u r t h e r m o r e , the necessary f a c i l i t i e sf o r p e r f o r m i n g these t e s t s a r e g e n e r a l l y a v a i l a b l e ( B e c k l a k e , 1976;Bouhuys and Gee, 1980; S e l i k o f f and Lee, 1978; W e i l l et a_l., 1 9 7 5 ) . Morer e f i n e d measurement s , such as p r o g r e s s i v e exerci se t e s t i n g , are o f t e nh e l p f u l in a s s e s s i n g impairment.
A s b e s t o s bodie s have been f o u n d in sputum and in bronchoalveolarlavage s a m p l e s f r o m per sons o c c u p a t i o n a l l y e xpo s ed t o a s b e s t o s (Di Menzae£ aU, 1980; Par l ey et £l . , 1977; M c L a r t y e£ a_l., 1980; S m i t h andN a y l o r , 1 9 7 2 ) . Bronchoalveo lar lavage has been used as a research tool

to s t udy a s b e s t o s i s (Di Menza, 1980). T h i s technique a l l o w s recovery of
s u b s t a n t i a l numbers of f i b e r s and c e l l s and may prove in the f u t u r e to bea u s e f u l c l i n i c a l tool for a s s e s s ing progr e s s i on and d e v e l o p i n g a
p r o g n o s i s f o r d i s e a s e .

As wi th many d i s e a s e s , some i n d i v i d u a l s d e v e l o p a s b e s t o s -a s s o c i a t ed
d i s e a s e s , whereas o th er s , under s imi lar or gr ea t er exposure c o n d i t i o n s ,do not. Why some i n d i v i d u a l s a p p e a r more s u s c e p t i b l e to the e f f e c t s o fa s b e s t o s e xpo sur e than others i s not u n d e r s t o o d . I m m u n o l o g i c a l s t u d i e sof persons w i th a s b e s t o s i s were carried out to i n v e s t i g a t e p o s s i b l ed i f f e r e n t i a l s u s c e p t i b i l i t y . Pernis ( 1 9 6 5 ) f ound an increase inrheumatoid f a c t o r t i t e r in i n d i v i d u a l s wi th pulmonary a sb e s t o s i s .Turner-Warwi ck (1973 , 1 9 7 9 ) d e s c r i b ed an ongoing survey of immunolog i ca lf a c t o r s ( i n c l u d i n g rheumatoid f a c t o r ) a n d an t inuc l ear a n t i b o d i e s ( A N A ) .In a p r e l i m i n a r y s t u d y , Merchant and coworkers ( 1 9 7 5 ) r epor t ed a s b e s t o s i sto be somewhat more frequent and severe among those with the W27 antigen(HLA s y s t e m ) than among those without the an t ig en , but subsequent s t u d i e s
suggest that the as sociation is weak (Turner-Warwick, 1979) and notc l i n i c a l l y relevant. At present there is no p r a c t i c a l way to i d e n t i f yi n d i v i d u a l s i m m u n o l o g i c a l l y or g e n e t i c a l l y s u s c e p t i b l e to disease f r o m
a sb e s t o s exposure .
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Lung Cancer. T h i s d i s e a s e ac count s f o r a p p r o x i m a t e l y 100,000 d e a t h s

a n n u a l l y in the U n i t e d S t a t e s , p r e d o m i n a n t l y among smokers. Lung canceris a m a l i g n a n t tumor of the e p i t h e l i a l covering of lung airways
( b r o n c h i ) . Compared wi th lung cancers no t a s s o c i a t e d w i t h a s b e s t o s ,
a s b e s t o s - r e l a t e d cancers seem to arise more o f t e n f r o m the lower and
p e r i p h e r a l p a r t s o f the l ung ( B e c k l a k e , 1976; C r a i g h e a d e t a_l^, 1982;
S e l i k o f f and Lee, 1978; S l u i s - C r e m e r , 1980).

The tumor grows i n v a s i v e l y t h r o u g h s u r r o u n d i n g t i s s u e and o f t e n
s p r e a d s to o ther t i s s u e s . Local invasion i s l i k e l y to obs truct a irways ,
c a u s i n g l o s s of v e n t i l a t i o n , de crea s e in air volume, and subsequent
i n f e c t i o n behind t h e o b s t r u c t i o n . Because l o c a l s p r e a d m a y a f f e c t b l o o d
v e s s e l s , hemorrhage i s a f r e q u e n t c o m p l i c a t i o n . Lung cancers of al l thevarious c e l l t y p e s have been observed ( e . g . , adenocarc inoma and squamous
c e l l carc inoma) ( K a n n e r s t e i n and Churg, 1972). The d i s t r i b u t i o n o f c e l l
t y p e s in a s b e s t o s - e x p o s e d case s a p p e a r s s i m i l a r to that f o u n d in cases
not a s s o c i a t e d w i t h a s b e s t o s ( I v e s <j£ £l.. > 1 9 8 3 ) .

The e a r l i e s t s y m p t o m i s o f t e n th e d e v e l o p m e n t o f a p e r s i s t e n t cough,
or change in a chronic cough. C h e s t p a i n or c o u g h i n g up of b l o o d may
a l s o occur. P h y s i c a l e x a m i n a t i o n a n d p u l m o n a r y f u n c t i o n t e s t s o f t e n
y i e l d f i n d i n g s c o n s i s t e n t w i t h chronic b r o n c h i t i s , e s p e c i a l l y i n smokers,
p e r h a p s with a l o c a l i z e d wheeze, but as tumor invasion continues , the
s y m p t o m s and s igns of l o c a l i z e d airway o b s t r u c t i o n or m e t a s t a s e s a p p e a r .
L a t e r s y m p t o m s c a n i n c l u d e l o s s o f a p p e t i t e , w e i g h t l o s s , p a i n , general
m a l a i s e , and weakness. Che s t x-ray may show shadows that are c o n s i s t e n t
w i t h tumors and e n l a r g e d l y m p h nodes . W h e r e tumors arise in a background
of p u l m o n a r y f i b r o s i s , t omograms and c o m p u t e d t o m o g r a p h y may be h e l p f u l
in d e t e c t i o n . The d e f i n i t i v e d i a g n o s i s of l u n g cancer i s based on the
m i c r o s c o p i c a p p e a r a n c e o f a n a p p r o p r i a t e t i s s u e s p e c i m e n ( A d k i n s , 1 9 7 6 ) .

For t r e a t m e n t , a pr imary lung cancer i s u s u a l l y removed s u r g i c a l l yu n l e s s m e t a s t a s e s have occurred ( T i s i , 1980). T h e re sponse o f lung
cancer to r a d i o t h e r a p y or ch emo th erapy varies with the c e l l t y p e , bu t ,
e x c e p t f or oa t c e l l carcinoma, r e s u l t s ar e g e n e r a l l y no t s u c c e s s f u l .
U n d e r the most f a v o r a b l e c i r c u m s t a n c e s , a s i m p l e squamous c e l l carcinoma
wi thou t ev idence of s pr ead to lymph nodes o f f e r s a 40? to 50% survival
a f t e r 5 years. In l a t e r s t a g e s o f lung cancer of any c e l l t y p e , the
5-year survival does not exceed 102 in the general p o p u l a t i o n ( T i s i ,
1980).

M e s o t h e l i o m a . M e s o t h e l i o m a is a l s o a tumor. It is of g r e a t e s t
concern when m a l i g n a n t . ( T h e r e i s a b en ign f o r m of m e s o t h e l i o m a , not
d i s c u s s e d i n t h i s r e p o r t . ) M a l i g n a n t m e s o t h e l i o m a begins i t s d e v e l o p m e n tin the m e s o t h e l i a l c e l l s of the p l e u r a or peri toneum. During its ear ly
growth it causes few symptoms . By the time it is d i a g n o s e d , it is
r a p i d l y f a t a l , most d e a t h s occurring in l e s s than 2 years (Craighead et
• 1., 1 9 8 2 ) .
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H e s o t h e l l o o a of the p l eura o f t e n occurs f i r s t as a thickening of the

pl eura , f i r s t par i e ta l ( l in ing the chest c a v i t y ) , then visceral (coveringthe l u n g s ) . W i t h t ime, the lung becomes encap su la t ed and r e s t r i c t ed inits movements. The tumor may Invade the lung tissue and nay spread into
a d j a c e n t s tructures , such as the chest wall ( S u z u k i , 1980). Death o f t e nre su l t s f r o m I n a d e q u a t e r e s p i r a t i o n or f r o m hemorrhage (Becklake, 1976;Craighead e£ al . , 1982; S e l i k o f f and Lee, 1978).

Peri tonea l m e s o t h e l l o m a may or ig inat e anywhere on the per i toneum andmay i n i t i a l l y grow without s y m p t o m s . Eventual ly the tumor is l i k e l y tore s tr i c t or constrict the bowel or i n t e r f e r e with other f u n c t i o n s and toI n v a d e s truc ture s of the g a s t r o i n t e s t i n a l tract and the r e t roper i t onea lspace. A s c l t e s i s common and recurs r a p i d l y a f t e r t a p p i n g . The terminalevent may be bowel obstruction or major hemorrhage.
Early s y m p t o m s are e i ther lacking or vague (Becklake , 1976; S e l i k o f f

and Lee , 1978). The two common c o m p l a i n t s of pleural meso the l iomap a t i e n t s are shortness of breath and d u l l , aching, progres s ive chest painthat is o f t e n unresponsive to pain rellevers. A common radio log i ca lf i n d i n g is a pleural e f f u s i o n , which may be extensive and which recursr a p i d l y a f t e r t a p p i n g . T h i s f i n d i n g or a chest rad iography showingasymmetrical thickening, e s p e c i a l l y In the presence o f p l e u r i t i c pain,should lead one to suspect mesothelioma. Occupational history is also
I m p o r t a n t . S e r o l o g i c a l t e s t s have not been shown to be u s e f u l d i a g n o s t i ct oo l s . H l s t o l o g i c d i a g n o s i s , even at a u t o p s y , may be d i f f i c u l t becauseof the p o l y m o r p h i c nature of the tumor.

It i s more d i f f i c u l t to d iagnos e per i toneal meso the l ioma than p l eura lmeso the l ioma. The d iagnos i s is c on f i rmed only by microscopicexamination, and even thi s may be d i f f i c u l t or i m p o s s i b l e if the tumor iss u f f i c i e n t l y u n d i f f e r e n t i a t e d . M e s o t h e l i o m a may b e mistaken f or bothcarcinoma and sarcoma. I d e n t i f i c a t i o n of the cell t y p e in which the
tumor originated is d i f f i c u l t . T h i s procedure may be f a c i l i t a t e d in thef u t u r e by new techniques using c y t o s k e l e t a l or other cell markers d e f i n e dby antibodies .

The p a t h o l o g i c a l d iagnos i s o f meso the l ioma i s s u f f i c i e n t l y d i f f i c u l tthat special panel s f unc t i on ing under the auspice s of the UnionI n t e r n a t i o n a l e Contre Cancer (UICC) are o f t e n convened to assist in thed iagnos i s . Various s t u d i e s have been conduc t ed to assess d i f f e r e n c e s indiagnos i s among d i f f e r e n t p a t h o l o g i s t s or groups ( W r l g h t et al., inp r e s s ) .
E f f e c t i v e t h e r a p y for meso the l ioma does not exist (Chahinian et al.,1982), although surgery, chemotherapy, and/or radiotherapy may delaydea th for a f ew months.
F i b r o s i s of Lung Parenchyma ( A s b e s t o s i s ) . A s b e s t o s i s belongs to thegroup of i l ln e s s e s cal led the pneumoconioses. T h i s disease is

character ized by a s l o w l y p r o g r e s s i n g , d i f f u s e i n t e r s t i t i a l f l b r o s l s .The f u n c t i o n a l impairment s f r o m a sb e s t o s i s f a l l into three groups:
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(1) impaired a b i l i t y to exchange gase s between c a p i l l a r i e s and a l v e o l a r
a i r s p a c e s , l e a d i n g e s p e c i a l l y t o i n a d e q u a t e o x y g e n a t i o n o f b lood
( h y p o x e m i a ) ; ( 2 ) r e s t r i c t e d b r e a t h i n g , l e a d i n g t o d e c r ea s ed lung v o l u m e ;
and (3) increased re s i s tance in the smal l airways. Both (2) and (3) make
t h e p h y s i c a l a c t o f b r e a t h i n g more d i f f i c u l t .

Only the a b n o r m a l i t i e s seen in ear ly and m i l d m a n i f e s t a t i o n s ofa s b e s t o s i s are c o n s i d e r e d in t h i s s e c t i o n because the more severe f o r m s
would be u n l i k e l y to occur among t h o s e e x p o s e d to r e l a t i v e l y low l e v e l sof p a r t i c l e s ( B e c k l a k e , 1976; Craighead e t a l . , 1982; S e l i k o f f and Lee,
1978). Animal e x p e r i m e n t s i n d i c a t e that the e a r l i e s t l e s i on i s a l o c a l
c e l l u l a r r ea c t i on t o t h e a s b e s t o s f i b e r l o d g e d f i r s t in s m a l l airways and
then in the a l v e o l i ( B r o d y and D e N e e , 1981; Brody and H i l l , 1982; Brody
and Roe, in p r e s s ; Brody e_t a±., 1981, 1982, and in p r e s s ) . The f i b e r
may be p a r t i a l l y or c o m p l e t e l y surrounded or e n g u l f e d by m a c r o p h a g e s or
giant c e l l s . A smal l p o r t i o n of f i b e r s may be converted to a s b e s t o s
bodies. S t u d i e s o f b i o m i n e r a l i z a t i o n may be able t o o f f e r a d d i t i o n a li n s i g h t s in t o t h e i n t e r a c t i o n o f a s b e s t o s a n d c e l l s . S u b s e q u e n t l y ,
f i b r o b l a s t s l a y down c o l l a g e n , thereby i n i t i a t i n g t h e f i b r o t i c p r o c e s s ,
which is both r e s t r i c t i v e ( p r e v e n t i n g movement) and d e s t r u c t i v e
( d i s r u p t i n g a i r s p a c e s a n d t h e i r b l o o d s u p p l y ) . T h e small airways show
l o c a l f i b r o s i s w i th d i s t o r t i o n and narrowing.

C l a s s i c a l l y , a s b e s t o s i s has been r e g a r d e d as a r e s t r i c t i v e lungd i s e a s e , b u t c l i n i c a l l y o n e o f t e n f i n d s ev idence o f o b s t r u c t i v e lung
d i s e a s e , e s p e c i a l l y among smokers, or a mixed ob s t ru c t iv e and r e s t r i c t i v e
p h y s i o l o g i c a l a b n o r m a l i t y ( B e c k l a k e , 1 9 7 6 ) . R e s u l t s o f w e l l - d e s i g n e d
e p i d e m i o l o g i c a l s t u d i e s o f t h e r e l a t i v e e f f e c t s o f smoking a n d a s b e s t o s
exposure on small airways o b s t r u c t i o n are not a v a i l a b l e .

T h e e a r l i e s t p a t i e n t c o m p l a i n t i s o f t e n c o u g h i n g ; d y s p n e a
( b r e a t h l e s s n e s s on e x e r t i o n ) is u s u a l l y a s s o c i a t ed wi th more advanced
i l l n e s s . R a d i o l o g i c a l change s may p r e c e d e , occur s i m u l t a n e o u s l y w i t h , orf o l l o w the changes in pu lmonary f u n c t i o n . The change s observed in the
chest r a d i o g r a p h are t y p i c a l l y l o c a t e d in the lower h a l f of the lung.The e a r l y changes i n c l u d e i l l - d e f i n e d l inear o p a c i t i e s . B e f o r e any
p a t i e n t c o m p l a i n t s , f i n e c r e p i t a t i o n s or ra l e s at the lung bases may be
heard by a u s c u l t a t i o n . In a d d i t i o n , arterial oxygenat ion and d i f f u s i n gc a p a c i t y may be d e cr ea s ed .

Smoking may a l s o a f f e c t the pulmonary f u n c t i o n t e s t s and r a d i o l o g i c a lr e s u l t s , e s p e c i a l l y w i th r e sp e c t t o s m a l l airways d i s e a s e ( B u i s t , 1983).The e ar ly changes seen in the chest r a d i o g r a p h may not be i m m e d i a t e l yassoc iated with pulmonary a s b e s t o s i s , but as the o p a c i t i e s become morep r o f u s e , more c l e a r l y d e f i n e d linear o p a c i t i e s a p p e a r , s e p t a l l i n e sbecome more marked, and p l e u r a l involvement is o f t e n seen. At thats t a g e , the r a d i o l o g i c a l p i c t u r e alone may s t r o n g l y s ugge s t a s b e s t o s i s .
The most e f f e c t i v e pr ev en t i on or t r ea tmen t i s e ar ly removal f r o mexposure. A l t h o u g h a s b e s t o s i s o f t e n continues t o progr e s s (Beck lake ,
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1 9 7 6 ) , the p r o g r e s s i o n is not i n e v i t a b l e and o f t e n not rap id ( G r e g o r et
al., 1979; J o n e s ejt «a., 1980a).

P r o g r e s s i v e h y p o x i a wi th cor p u l m b n a l e are common causes of d e a t h
among those w i th advanced a s b e s t o s i s , and many p er s on s wi th advanceda s b e s t o s i s d i e f r o m lung cancer. M i l d a s b e s t o s i s i s no t n e c e s s a r i l y
a s s o c ia t ed w i th f u n c t i o n a l impairment .

P l e u r a l Change s . D i f f u s e p l e u r a l t h i c k e n i n g , p l a q u e s , c a l c i f i c a t i o n ,
and e f f u s i o n s are nonmal ignan t changes in the p l e u r a that have been
a s s o c i a t e d w i t h a s b e s t o s expo sure ( A l b e l d a e£ al^., 1982; E p l e r e t a l . ,1982; W e i s s e£ al. , 1981). T h e s e change s , u s u a l l y d e t e c t e d by
r a d i o g r a p h i c e xamina t i on rather than by p a t i e n t s y m p t o m s , may i n d i c a t ethat a s b e s t o s e x p o s u r e h a s occurred. T h e y m a y d e v e l o p a f t e r l i t t l ea p p a r e n t e x p o s u r e and may r e s u l t in few s y m p t o m s , or they may be
a s s o c i a t e d w i th more e x t e n s i v e e xpo sur e and parenchymal a s b e s t o s i s . Thep a r i e t a l p l e u r a i s u s u a l l y more h e a v i l y involved than the v i s ceral p l e u r a( B e c k l a k e , 1976; S e l i k o f f and Lee, 1978). T h e r e may b e s i m p l e , benignp l e u r a l e f f u s i o n , a n d t h e u s u a l l y s t e r i l e f l u i d m a y conta in l y m p h o c y t e s ,p o s s i b l y e r y t h r o c y t e s , and albumin. A s b e s t o s bod i e s and f i b e r s are
r a r e l y f o u n d in the f l u i d or the p l a q u e s .

W i t h e x t en s ive p l e u r a l i n v o l v e m e n t , t h e s y m p t o m s ar e s i m i l a r t o t ho s e
of r e s t r i c t i v e pu lmonary d i s e a s e , and may i n c l u d e d y s p n e a , a f e e l i n g o f
t i g h t n e s s , and p u l m o n a r y r e s t r i c t i o n that may o c c a s i o n a l l y r e s u l t in
marked impairment . C o m p l a i n t s of p a i n are rare.

P l e u r a l changes p r o g r e s s s l o w l y , a n d most p a t i e n t s e xp er i enc e l i t t l e
f u n c t i o n a l i m p a i r m e n t . T h e r e are no w e l l - d e s i g n e d s t u d i e s to p r o v i d e
ev idence on whe ther p e r s on s w i t h the se a s b e s t o s - i n d u c e d p l e u r a l change s
are at increas ed risk of lung cancer or m e s o t h e l i o m a beyond t h a t
a t t r i b u t a b l e to a s b e s t o s e xpo sure per se .

D I S E A S E A S S O C I A T E D W I T H N O N O C C U P A T I O N A L I N H A L A T I O N E X P O S U R E S T O
A S B E S T I F O R M F I B E R S

H a v i n g d e s c r i b e d c l i n i c a l m a n i f e s t a t i o n s o f t h e d i s e a s e s a s s o c i a t e dwi th a s b e s t o s e x p o s u r e , the c o m m i t t e e now d i s c u s s e s some o b s e r v a t i o n samong p o p u l a t i o n s e x p o s e d t o a s b e s t i f o r m f i b e r s o u t s i d e t h e w o r k p l a c e .
In g enera l , d a t a on nonoccupat ional exposure s are sparse. However, the
s t u d i e s that have been conduc t ed p r o v i d e i n f o r m a t i o n about the v a r i e t y of
m i n e r a l s in f i b r o u s f o r m that may l ead to a s b e s t o s - a s s o c i a t e d d i s e a s e .If adequate p o p u l a t i o n - b a s e d d a t a were to become a v a i l a b l e , i t might bep o s s i b l e in some s i t u a t i o n s to e s t i m a t e e xpo sure or to t e s t
ri sk-as se s sment m o d e l s .

End p o i n t s that have been used to d e t e c t h e a l t h e f f e c t s i n c l u d e
overal l m o r t a l i t y , m o r t a l i t y f r o m lung cancer and m e s o t h e l i o m a , and
n o n m a l i g n a n t r e s p i r a t o r y changes such as the pre sence of a s b e s t o s i s or
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pleural p l a q u e s . Exposures have occurred in the hous eho ld s of asbestosworkers, in neighborhoods near a sb e s t o s -manufac tur ing f a c i l i t i e s , and inareas with natural sources of a s b e s t i f o m f i b er s .

Meso th e l i o oa p r o v i d e s a u s e f u l end point f or s t u d y i n g e f f e c t s o fexposure. T h i s f a t a l tumor is rare, e x c e p t in certain groups exposed toa s b e s t i f o r m f i b e r s . In some worker cohort s , as many as 10Z of the d e a t h shave been caused by me so the l i oma ( M c D o n a l d and M c D o n a l d , 1980, 1981;S e l i k o f f et al . , 1979). S m a l l numbers of m e s o t h e l l o m a s are more eas i lyd e t e c t e d than small excess numbers of lung cancers, since lung cancersaccount for about 5Z of al l d e a t h s in the Uni t ed S t a t e s (U.S. Departmentof H e a l t h and Human S e r v i c e s , 1983). F u r t h e r m o r e , unlike lung cancer,me so th e l i oma is not a s soc ia ted with smoking ( H a m m o n d et a l . , 1979).
The best e s t i m a t e s o f the notional I n c i d e n c e rate for meso the l iomahave come f r o m t h e N a t i o n a l Cancer I n s t i t u t e ' s S u r v e i l l a n c e , E p i d e m i o l o g yand End Resu l t s (SEER) Program, which c o l l e c t s data on cancer I n c i d e n c ein about 10Z of the country. A p p r o x i m a t e l y 1,600 me so the l i oma cases weree s t i m a t e d to have occurred in 1980. For the per iod f r o m 1977 to 1980,SEER repor t ed 431 male cases and 117 f e m a l e cases ( C o n n e l l y and Myer s ,1982). F r o m these d a t a , the annual incidence rate for meso the l ioma wasc a l c u l a t e d as 11.8 per m i l l i o n per year for males and 2.6 per mil l ion forf e m a l e s , a g e - a d j u s t e d to 1970.
The incidence rate a p p a r e n t l y varies with o p p o r t u n i t i e s f o r pastexposure to asbes tos . In the U n i t e d S t a t e s , the lowest rate occurred inI o w a , where the I n c i d e n c e rate for white males during 1977-1980 was7.4 c a s e s / m i l l i o n per year. In S e a t t l e and San Franci s co-Oakland, wherethere wa s extensive s h i p b u i l d i n g during W o r l d War II, t h e annualincidence rate was about 20 c a s e s / m i l l i o n , a g e - a d j u s t e d for 1970.
N a t i o n a l m o r t a l i t y s t a t i s t i c s f or me so the l i oma are no t avai lab l e f r o mt h e N a t i o n a l Center f o r H e a l t h S t a t i s t i c s ( N C H S ) because cancers a r ec l a s s i f i e d by s i t e rather than by t y p e . For 1979, malignant n eop la sms ofthe p l e u r a (ICD Code 163, 9th Revision) were reported to be the cause ofdeath for 257 males and 83 f e m a l e s (S. Seeman, N a t i o n a l Center for H e a l t hS t a t i s t i c s , personal communication, 1983).
Because of the d i f f i c u l t i e s in d iagno s ing mesothe l ioma andde t e rmin ing exposure to a s b e s t i f o r m f i b e r s , the background rate of

mesothe l ioma is not known. In one s t u d y of 4,539 cases f r o m 22 countriesbetween 1959 and 1976, there was no d e f i n i t e or probable hi s tory ofexposure for 38Z of the s u b j e c t s (McDonald and M c D o n a l d , 1977). In N o r t hAmerica, it was e s t imated that f r o m 50Z to 75Z of male cases, but only10Z of f e m a l e s , are l i k e l y to have been exposed to asbes tos (McDonald andM c D o n a l d , 1981). A recent review indica t e s that a few cases ofm e s o t h e l l o m a have been reported in nickel workers-* and in persons with

^Langer et al. (1980) reported that they f ound asbes tos f i b e r scontaminating some nickel ores.
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some other s p e c i f i c exposures (Peter son e_t al., in pr e s s) . It is thuspo s s i b l e that not all cases of mesothel ioma are associated with exposureto a s b e s t i f o r n f i b e r s . However, since the level s of general ambientexposures to asbes tos were not known, the p o s s i b i l i t y that the residualcases might al so be a t t r i b u t a b l e to a sbe s to s exposures cannot bed i s counted .

E p i d e m i o l o g i c a l da ta have led to ques t ions about the charac t er i s t i c sof f i b e r s that are associated with mesothelloma. Some I n v e s t i g a t o r s havei n t e r p r e t e d the da ta as ind i ca t ing that exposure to chryso t i l e is le s sl i k e l y to produce meso the l ioma than is exposure to the other asbestosf i b e r s (Craighead and Mossman, 1982; McDonald and M c D o n a l d , 1981).However , because it is d i f f i c u l t to determine exposure and tocharacterize f i b e r s a d e q u a t e l y , it has not been p o s s i b l e to c on f i rm orr e f u t e the argument.

A s b e s t o s Exposure f r o m H o u s e h o l d Contac t s
Ander son et al. ( 1 9 7 9 ) s t u d i e d household cohabitants of 1,664

asbestos workers. The workers were employed in a f a c t o r y that hadproduc ed amosite a sbe s t o s p r o d u c t s f r o m 1941 to 1954. Control s were
urban New J e r s e y r e s i d e n t s l iving in the same community who had routinechest x-rays between January 1975 and December 1976. Asbe s t o s-a s so c ia t edx-ray abnormal i t i e s were found in 352 of the 678 household contactsexamined and in 5X of the control s . The abnormal i t i e s included smal l ,irregular parenchymal opac i t i e s as well as pleural thickening, ca lc i f i ca-tion, and p laque s . F i v e of 550 d e a t h s traced among the cohort of 3,100household contacts were due to m e s o t h e l i o m a — a p r o p o r t i o n much higherthan that seen in the general p o p u l a t i o n . No r e l iab l e e s t imat e s of dustl ev e l s in homes were ava i lab l e , but the authors assumed that a sbe s to s wasbrought home on work c lo the s .

Other data also indi ca t e that household exposure can lead to h ea l the f f e c t s . In New York S t a t e , 52 f e m a l e s with malignant mesotheliomabetween 1967 and 1977 were inve s t igated to determine their occupationalhis torie s and the occupations of their f a t h e r s and husbands (Vianna andPolan, 1978). Thir ty- two of the cases were p l eural mesothel ioma and 20were per i t onea l . Six cases and two of the 52 controls had been exposedo c cupa t i ona l ly . Eight other cases had husbands or f a t h e r s who had beeno c c u p a t i o n a l l y e x p o s e d , but none of the contro l s had o c cupa t i ona l lyexposed husbands or f a t h e r s .
Neighborhood Exposure to A s b e s t o s

A cohort of 1,779 males l iving within 0.8 km of a Unarco amosite
f a c t o r y in Paterson, New J e r s e y , was s tud i ed to determine if excessm o r t a l i t y had occurred (Hammond et al., 1979). Another neighborhoodseveral k i lometer s away served as a control. None of the s u b j e c t s had
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worked in the p l a n t . No excess m o r t a l i t y or excess lung cancers wered e t e c t e d between 1962 and 1976 in the group l iving near the p l a n t . T h u s ,in this s t u d y , males living in the f a c t o r y neighborhood a p p a r e n t l y wereless at risk (at least for m e s o t h e l l o m a ) than members of workerhouseholds . No e s t imat e s of neighborhood l eve l s of asbestos f i b e r s orother carcinogens were avai lable for e i ther area of s tudy.

N a t u r a l Sourc e s o f A s b e s t i f o r m F i b e r s
A s b e s t o s - r e l a t e d d i s ea s e s have been as soc ia ted with exposure ton a t u r a l l y occurring mineral f i b e r s in T u r k e y , F i n l a n d , and Bulgaria(Baris £t a l . , 1981; K i v i l u o t o , 1960; Z o l o v e£ a_l., 1967). In mostcases, quant i ta t ive exposure measurements have not been publ i shed. In

the U n i t e d S t a t e s , no d i f f e r e n c e s in m o r t a l i t y were f o u n d for s p e c i f i ccancers in counties with and without natural a sbe s to s d e p o s i t s ( F e a r s ,1 9 7 6 ) , a l t h o u g h the s t u d y d e s i gn would not be l i k e l y to de t ec t smalle f f e c t s . C o f f i n e t a l . ( 1 9 8 3 ) have r e c en t ly d i s cu s s ed the occurrence ofme so the l i oma and other a sb e s t o s-a s s o c ia t ed l e s ions in some humanp o p u l a t i o n s and in animals not known to be expo s ed to asbestos. T h e y andothers ( e . g . , Glickman et a l . , 1983) sugges t that f u r t h e r s tudy of theses i t u a t i o n s , such as me so the l i oma in pet d o g s , might h e l p p e o p l e todiscover sources of exposure to harmfu l f i b e r s .
Pleural p laque s were f ound to be endemic among agricul tural workersin an area of Southern Bulgaria ( Z o l o v et a l . , 1967). Of 3,300 p e o p l eexamined, 4% of those with no mining exposure to a sbe s to s had pleuralplaque s . M o s t o f those s u b j e c t s were agr i cu l tura l workers. A n a l y s i s o fsoil s a m p l e s revealed the pre sence of a s b e s t i f o r m f i b e r s (Burilkov andM i c h a i l o v a , 1970) cons i s t ing o f a n t h o p h y l l i t e , t r e m o l i t e , and s e p l o l i t e ,the l a t t e r being a layered s i l i c a t e wi th a t r i p l e subchain structure. Nop l eura l p laque s were f o u n d in a neighboring f a r m i n g region that lackeda s b e s t i f o r m f i b e r s in the soil.
In south central T u r k e y , several v i l l a g e s are located on and in t u f f ,a rock composed of volcanic d e t r i t u s that may contain a variety off i b r o u s minerals ( A r t v i n l i and Baris, 1982; Baris et al., 1981; L i l l s ,1981; Rohl et a l . , 1982). Dwel l ings are hollowed out of the rock.S t u d i e s of the p o p u l a t i o n s of these v i l l ag e s have revealed mor ta l i ty anddi sease p a t t e r n s that are similar to those u s u a l l y seen among asbes tosworkers, with respect to occurrence of f l b r o s l s , p l eural p laque s , lungcancer, and meso the l ioma ( A r t v i n l i and Baris, 1982). In K a r a l n , avi l lage with a p o p u l a t i o n of about 600, 36 cases of mesothelioma werereported between 1969 and 1974 (Baris et al . , 1981). The median age ofdea th in Kara in was 54, whereas it was 68 in the nearby vi l lage ofK a r l i k . In another nearby v i l l ag e , T u z k o y , malignancies accounted for 41of 67 dea th s that occurred f r o m 1978 to 1980 among almost 2,000 residentso lder than 25 years ( A r t v i n l i and Baris, 1982). Of these deaths, 15 weredue to pleural meso the l ioma, 12 were a t t r i bu t ed to peritonealmesothe l ioma, and 8 were caused by lung cancer. The mesothel iomas weref ound equal ly among male and f e m a l e r e s i d en t s , and the mean age of the
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meso the l i oma cases was about 50, which is younger than that f o u n d amongworker groups. T h e s e data sugges t that an environmental expo surebeginning at a young age might have been r e s p o n s i b l e for the di sease s .

Dust and f i b e r l ev e l s were measured in K a r a i n and in the "control"v i l l a g e K a r l i k (Baris et a l . , 1981). Dust l ev e l s in both v i l l a g e s wereabout 1 mg/m^. Level s of f i b e r s were higher in K a r a in than in K a r l i k ,
but in both v i l l a g e s , most air sample s had l e s s than 0.01 f i b e r / c m 3 .
N o n e t h e l e s s , in 11 s a m p l e s taken during the c l eaning of the caves inwhich the K a r a i n v i l l a g e r s l i v e d , the c onc en tra t i on s ranged f r o m l e s sthan 0.01 f i b e r / c m ^ to 1.38 f i b e r s / c m ^ .

A l t h o u g h t r e m o l i t e a s b e s t o s was a p p a r e n t l y pre s en t in the area, themost preval ent f i b e r s a p p e a r e d to be erionite. A n a l y s i s of p l eura l andparenchymal t i s su e s f r o m m e s o t h e l i o m a p a t i e n t s f r o m K a r a i n i n d i c a t e d that902 of the f i b rou s p a r t i c l e s had a C o m p o s i t i o n consistent with that oferionite (a f i b r o u s z e o l i t e ) , whereas f r o m 1% to 52 were cons i s t en t wi th
t r e m o l i t e (Rohl et a l . , 1982). The use of an a n a l y t i c a l transmis s ione l e c tron micro scope to examine lung t i s sue f r o m two meso the l ioma casesf r o m T u z k o y revealed a concentrat ion of 10** f i b e r s per gram of driedlung t i s sue ( S e b a s t i a n e_t a l . , 1981). Of the uncoated f i b e r s , 932 were
erionite with a mean l e n g t h of about 3.7 urn. Only 32 of the f i b e r s werelonger than 8 urn or thinner than 0.25 urn. The remaining f i b e r s seem to
have been either t i tanium oxide ( r u t l i e ) or some material resemblingamphibo l e . The data are cons i s t ent wi th the h y p o t h e s i s that erionite mayhave a role in causing the high rate of me s o th e l i oma in these v i l l a g e s .

It is not clear how to account for the higher m e s o t h e l i o m a and lungcancer rates in these v i l l a g e s if the d iagnose s and measured environ-
mental exposures are correct. P o s s i b l e e x p l a n a t i o n s inc lude enhanceda b i l i t y of the f i b e r s to cause cancer for reasons not yet known, thepresence of other, unde t e c t ed carcinogenic agent s , or increased
s u s c e p t i b i l i t y if inhalat ion of the f i b e r s s t a r t s in i n f a n c y (Baris etal., 1981), since ch i ldren are known to have Increa s ed s u s c e p t i b i l i t y tothe e f f e c t s of many environmental agents . It would be of interes t toe s t imate the exposure necessary to account for the observed meso the l i omarates by using some of the t ime-dose-response mode l s for meso the l iomathat have been d e v e l o p e d for worker p o p u l a t i o n s . T h e s e mode l s are
di scus sed in C h a p t e r 7 of th i s r epor t . A rough c a l c u l a t i o n shows that al i f e t i m e exposure to about 20 f i b e r s / c m ^ accounts for a mesotheliomal i f e t i m e risk of 502, based on the da ta pr e s en t ed in T a b l e 7-3.

Rom et al. (1983) considered the p o s s i b l e hea l th hazard posed bynatural ly occurring f i b r o u s erionite in Arizona, N e v a d a , Oregon, andUtah. A review of 275 chest r a d i o g r a p h s in one ho sp i t a l near such an •area in N e v a d a showed background l eve l s of p l eural p laque s (22) andpleural thickening (62) and no pleural c a l c i f i c a t i o n s . A n a l y s i s of the
f i brous materials in the various areas indicated the presence ofmater ia l s of a size that would be r e s p i r a b l e ( W r l g h t e£ al . , 1983).Wagner (1982) has r epor t ed that erionite f r o m Oregon is extremely p o t e n tin produc ing mesothe l iomas in rats.
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Summary

Persons re s id ing in areas in Turkey where a s b e s t i f o r m f i b e r s arepresent in the environment and persons l iving in the same household asworkers exposed to a sbe s t o s d e v e l o p me so the l i oma at a rate in excess ofthat for the general p o p u l a t i o n . The evidence is based p r i m a r i l y onclinical observations and on case-control s tudie s that do not permitgenera l i za t i on . It seems l i k e l y that these m e s o t h e l i o m a s arise f r o mr e s p i r a t o r y exposure t o a s b e s t i f o r m f i b e r s .

E P I D E M I O L O G I C A L S T U D I E S O F E F F E C T S R E S U L T I N G F R O M T H E 1 N G E S T I O N O F
A S B E S T O S I N D R I N K I N G W A T E R

E p i d e m l o l o g i c a l s tud i e s of the e f f e c t s of asbestos in drinking waterin six g e o g r a p h i c a l areas of the U n i t e d S t a t e s and Canada have beenex t en s i v e ly reviewed and crit iqued ( M a r s h , 1983; W o r k s h o p on I n g e s t e d
A s b e s t o s , 1983). In all these s t u d i e s , a p o s s i b l e excess incidence ofg a s t r o i n t e s t i n a l ( G l ) cancers was eva luat ed as were m o r b i d i t y orm o r t a l i t y rate s f or some other cancers. In a d d i t i o n , the N a t i o n a lResearch C o u n c i l ' s S a f e Drinking W a t e r C o m m i t t e e a d d r e s s e d this prob l emand e s t i m a t e d the risk of excess Gl cancers a s s o c i a t ed with inge s t ingasbe s to s in drinking water ( N a t i o n a l Research Counci l , 1983a).

T a b l e s 5-1, 5-2, and 5-3 summarize the c h a r a c t e r i s t i c s and r e s u l t s ofthe various s tudi e s . Duration of exposure ranged f r o m as l i t t l e as 20years (in D u l u t h 6 ) to more than 50 years (in Quebec); a sbe s to sconcentrat ions ranged f r o m l e s s than d e t e c t a b l e l i m i t s to 1,300 x 10 6

f i b e r s / l i t e r . Excep t f or D u l u t h , where t a c o n i t e mine t a i l i n g s weredumped into lake S u p e r i o r , th e s u b j e c t s were e x p o s e d t o c h r y s o t i l e f r o mnatural sources (in Quebec, the San F r a n c i s c o Bay area, and Puget S o u n d )or f r o m asbes tos-cement p i p e s (in U t a h and C o n n e c t i c u t ) .
The s tud i e s did not indicate consistent excesses of cancer. InD u l u t h , no consi s tent t y p e of cancer occurred in excess among r e s i d e n t s(Levy et al., 1976; Mason et al . , 1974; S i g u r d s o n et al., 1981). InQuebec, cancer m o r t a l i t y was evaluated in re la t ion to a sb e s t o s inmunicipal water s u p p l i e s . In the f i r s t s t u d y ( W i g l e , 1977), 22

m u n i c i p a l i t i e s were grouped into three ca tegorie s based on level ofasbe s to s in water s u p p l i e s . In a more extensive s t u d y ( T o f t et al..1981), m o r t a l i t y rates for two c i t i e s with high exposure (>100 x 10°f i b e r s / l i t e r ) were compared with 52 low exposure cities (<5 x 106

f i b e r s / l i t e r ) . Some excess cancers in males that were noted in the twos t u d i e s were a t t r i b u t e d to probab l e occupational exposure. InConnec t i cu t , tumor regis try data I n d i c a t e d that there was no a s soc iat ion
6 T h e p a r t i c l e s in Lake S u p e r i o r were m o s t l y acicular cleavage f r a g m e n t srather than a s b e s t i f o r m f i b e r s (T. Z o l t a i , personal communication, 1983).See also Langer et al., 1979.
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TABLE 5-1. Charac t e r i s t i c s of Asbe s t o s Exposures f r o n t
Drinking W a t e r in D i f f e r e n t S t u d y Popu la t i on s 8

Exposure Characteristics_______________________N o . o f F i b e r s S i z e o f M a x i m u mLocat ion of T y p e of per Li t er P o p u l a t i o n Duration of
S t u d y _ _ _ _ A s b e s t o s (Range)____ Exposed Exposure ( Y e a r s )
Duluth A m p h i b o l e b 1-30 x 106 100,000 15-20
Connect icut C h r y s o t i l e BDLC-0.7 x 106 576,800 23-44
Quebec Chryso t i l e 1.1-1,300 x 106 420,000 50
Bay Area, C h r y s o t i l e 0.025-36 x 106 3,000,000 40C a l i f o r n i a
U t a h C h r y s o t i l e NA d 24,000 20-30
Puget Sound C h r y s o t i l e 7.3-206.5 x 106 200,000 40
a F r o m Marsh, 1983."Most of these p a r t i c l e s were probab ly acicular crystals ratherthan a s b e s t i f o r n f i b e r s ( T . Z o l t a i , Univer s i ty o f Minnesota, personalcommunication, 1983). Langer et al. ( 1 9 7 9 ) r e f e rr ed to the par t i c l e sas amphibole gangue minerals and d i s cu s s ed the uncertainties indetermining whether they are a s b e s t i f o r m .CBDL - below d e t e c t a b l e l imi t .dNA - not available.

between asbestos risk scores and 61 tumor incidence ( H a r r i n g t o n et al.,1978; Meigs e£a l .» 1980). In San Franci s co , there were inconsistentexcesses of some cancers ( C o n f o r t i jst aJL., 1981; Kanarek et al., 1980;T a r t e r , 1981). In Puget S o u n d , a proport ional Incidence analysiscomparing length of residence sugge s t ed an excess for some GI cancers(Pol i s sar et al., 1982).
All of the e p i d e m l o l o g i c a l s tud i e s had l imi tat ions . Perhaps the mostserious were the substantial problems in c l a s s i f y i n g exposure becausep o p u l a t i o n data rather than individual data were used. Errors inc l a s s i f i c a t i o n will tend to weaken any true associations that may existbetween asbestos in drinking water and health e f f e c t s . Given thed i f f i c u l t y of determining individual exposure, results of theseep idemlo log i ca l s tudie s cannot be taken as strong evidence about theextent to which I n g e s t i o n of drinking water containing a sb e s t i f o rm f i b e r s

might increase the risk of GI cancer. The NRC S a f e Drinking Water



T A B L E 5-2. S i M P w r y o f S t u d i e a o f G a t t r o i n t e a t i n a t C a n c e r I n R e l a t i o n t o I n g e c t e d A a b e a t o * b y Cancer S i t e *

A a a o e i a t i o n o f C I Cancer w i t h A a b e a t o a , b y S i t e * 1 ( I C D 7 t h Revi s i on C o d e a )

Loca t i on
D u l u t h
D u l u t hD u l u t h
C o n n e c t i c u tConnet icut
QuebecQuebecBay Are*, C a l i f .B » y Are*, C a l i f .
B*y Are*. C a l i f .U t a hPuget Sound
Puge t Sound

A l l S i t e *Conbined
( 1 5 0 - 1 5 9 )
( » « )
<-)( 0 0 )
H S
N S
(00)
<»0)
(+*)
( • « )
( » « )HS
(00)N S

C a o p h a g u *
( I S O )
(+-)(00)
(00)
N S
N S
(00)
( 0 0 )
(0»)
( « • )
N S
N S
N S
(00)

S t o m a c h
( 1 5 1 )
( » « )
( « 0 )
( 0 0 )( o n )
( 0 0 )( » o )
<»0)<»*)( • » )
NS
( 0 0 )
(00)
( 0 0 )

S m a l l
I n t e a t i n e
( 1 5 2 )
N S
(00)
( 0 0 )
N S
N S
N S
N S
(00)
( 0 0 )

N S
( 0 0 )
N S
( « » )

C o l o n
( 1 5 1 )
( 0 0 )
( - - )( 0 0 )
( 0 0 )
( 0 0 )
(00)( 0 0 )
(00)
( • 0 )
N S
( 0 - )
(--)( 0 0 )

dec t UM
( 1 5 4 )
( • « )
( 0 0 )
( 0 0 )
(00)
( 0 0 )
(00)
( 0 0 )
(00)
( 0 0 )
HS
( 0 0 )
NS
( 0 0 )

B i l i a r yP a a a a g e a /
l i v e r
( I 5 5 - 1 5 « A )
( 0 0 )
(00)( 0 0 )

N S
N S
N S
N S
(00)
( 0 0 )
N S
N S
N S
( 0 0 )

C a l l
B l a d d e r
( 1 5 5 . 1 )
N S
(00)
(00)
N S
N S
H S
N S
(0»>
( 0 0 )
N S
(0»>
N S
(00)

P a n c r e a a
( 1 5 7 )
( 0 . )
( « » )( 0 » )
N S
( • 0 )
(OO
( 0 0 )
(0*)
( * » )
NS
(00)
NS
(00)

P e r i t o -ntum
( 1 5 8 )
N S
( 0 0 )
( 0 0 )
H S
N S
N S
H S
(«»)
(OO
H S
( 0 0 )
HS
( 0 0 )

•Pro* rl*r«h, 1983.b ( H a l e , f e i u l e ) a M o c i a t i o n w i t h i n g e i t e d **be*to*.
*, p o t i t i v e ; 0, no a M o c i a t i o n ; - n e g a t i v e ; NS, not c t u d i e r i .

R e f e r e n c e *
Moon ejt a_l.. 1974Uvy e£ •_!., 1976
S i g u r d a o n e£ *1., 1976H a r r i n g t o n et •_!., 1978M e i g e et • !., 1980w i g l e , ~ T 9 7 7
Tof t t t_ £ l . , 1981Kenirek et «1., 1980C o n f o r t i e* «_l., 1981T i r t e r , 1981
S « d l e r et •!., in pn i t
Sever*on( 1979P o H « t « r et £., 1982



T A B L E 5-3. Summary o f S t u d i e s o f R i s k f r o m Cancer O t h e r T h a n C a s t r o i n t e s t i n a l Cancer
i n R e l a t i o n t o I n g e s t e d A s b e s t o s , b y Cancer S i t e *

A a a o c i a t i o n o f Cancer Other T h a n 0 1 w i t h A s b e s t o s , b y S i t e b ( 1 C D 7 t h R e v i s i o n C o d e * )

L o c a t i o n

O u l u t h
D u l u t h
O u l u t hConnecticutConnec t i cutQuebecQuebecB a y Area. C a l i f .B a y Area, C a l i f .
B a y Area, C a l i f .U t a hPuget SoundPuget Sound

Bucest
C a v i t y andP h a r y n x(140-148)

NS
NS
NS
NS
NS
(00)
(00)
NS
NS
NS
NS
NS
(00)

Bronchua,T r a c h e aand Lung
( 1 6 2 . 1 6 3 )

(+0)
NS
(00)
NS
(00)
(»0)
(*0)
(*0)
(00)

N S
N S
NS
(00)

P l e u r a
( 1 6 2 . 2 )

NS
NS
N S
NS
NS
N S
N S
(0*)
(0»)
NS
NS
NS
NS

P r o s t a t e
( 1 7 7 )( m a l e *
o n l y )

NS
N S
NS
NS
NS
0
0
0
4-

N S
N S
NS»

K i d n e y( 1 8 0 )

N S
NS
NS
NS
(00)
(00)
(00)
(0»)( o n )

NS
(+0)
(00)
(00)

B l a d d e r
( 1 8 1 )

N S
N S
N S
N S
(00)
(00)
(00)
(00)
(00)
N S
NS
N S
(00)

B r a i n /C N S C
( 1 9 3 )

( 0 0 )
NS
N S
N S
N S
(00)
(00)
(00)
(00)
NS
N S
NS
( + - )

T h y r o i d
( 1 9 6 )

N S
NS
N S
NS
N S
NS
N S
(00)
(00)
NS
N S
NS
( + O

L e u k e m i a ,A l e u k e m i a
( 2 0 4 )

(00)NS
N S
NS
N S
(00)
(00)
(00)
(00)
NS
(*0)NS
( * - )

•Proa Marah, 1983.b ( M a l e , f e m a l e ) a s s o c ia t i on w i t h ingea t ed asbestos.
*, p o s i t i v e ; 0, no a a a o c i a t i o n ; -, n e g a t i v e ; NS, not s t u d i e d .

' C M S • central nervoua sy s t em.

R e f e r e n c e s

Mason et a l . , 1974
Levy e_t ml., 1976S i g u r d a o n «£ •_!_., 1976H a r r i n g t o n et al.. 1978M e i g s et a_l., 1980W i g l e , 1977T o f t e t_ a_U, 1981
K s n s r e k e£ a_l., 1980C o n f o r t i et •_!., 1981
T a r t e r , 1981
S a d l e r e£ a l . , 1981
Severson, 1979P o l i a a a r et a l . , 1982
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C o m m i t t e e ( 1 9 8 3 a ) , using a varie ty of a s s u m p t i o n s , e s t i m a t e d the excessrisk of GI cancers that might be e xp e c t ed f r o m inges t ion ofasbestos-containing drinking water and concluded that their riskes t imates are consistent with the re sul t s of the e p l d e m l o l o g i c a l drinkingwater s tudies considered.

O C C U P A T I O N A L E P I D E M I O L O G I C A L S T U D I E S — M E T H O D O L O G I C A L C O N S I D E R A T I O N S
Evaluation o f po t en t ia l heal th e f f e c t s f r o m nonoccupational exposureto a s b e s t i f o r m f i b e r s d e p e n d s pr imari ly on result s of e p i d e m l o l o g l c a ls t u d i e s of occupational groups . Most of the analyse s have involvedcohort 7 s t u d i e s of workers expo s ed to asbes tos of various t y p e s and ina varie ty of indu s t r i e s and oc cupat ions . Much i n f o r m a t i o n has beenobtained f r o m these s tudie s . However , they al so s u f f e r f r o m l imi ta t i on scommon to many e p i d e m l o l o g l c a l s tudie s and f r o m some add i t i ona l problemsrelated to determining dose (expo sur e) and response ( h e a l t h end po in t ,

such as d e a t h f r o m a s p e c i f i c cause). D e s p i t e the l i m i t a t i o n s ofindiv idual s t u d i e s , the commit t e e f i n d s t h a t , when al l the s t u d i e s arec o n s i d e r e d , exposure to a sb e s t o s increases the risk of d e v e l o p i n g lungcancer, meso the l loma, a s b e s t o s l s , and p o s s i b l y other cancers.
To q u a n t i f y h ea l th risks f r o m an exposure, it is necessary to obtaindose-re sponse d a t a , but exposure measurements are p a r t i c u l a r l y d i f f i c u l tto obtain. Because of the long l a t e n c y per iod for a sbe s to s-as soc ia t eddi s ea s e s , i n v e s t i g a t o r s have f o u n d it necessary to try to reconstructpas t exposures. Techniques of measurement vary f r o m place to p l a c e andover time (Acheson and Gardner, 1980; Dement et al., 1983a). Fore x a m p l e , f i b e r counts obtained by l i g h t microscope in various industrials e t t i n g s may need to be m u l t i p l i e d by a f a c t o r varying f r o m 2 to 8 toobtain a true count of f i b e r s longer than 5 urn.
T y p i c a l l y , a cumulative dose measurement is used. T h i s does not takeinto account the time lap s ed since last exposure nor does it d i s t ingui shbetween short exposure s of high in t en s i ty and long exposures to low dust

concentrations. In a d d i t i o n , a cumulative dose measurement does notchange when exposure ceases. V a r i a b i l i t y in these exposure-related
7 T h e two m a j o r t y p e s of e p i d e m l o l o g i c a l s tud i e s are cohort s tudie s andcase-comparison s tudie s . In a cohort s t u d y , a group with certaind e f i n e d character i s t i c s of exposure is s e l e c t ed and f o l l o w e d todetermine the number of members reaching a par t i cu lar end p o i n t , such asdeath, by a s p e c i f i e d time. The group is called a cohort. In itspurest f o r m , the analysis of a cohort s tudy depends entirely on within-cohort comparisons, and the results may be presented as arrays of

morbid i ty or mor ta l i ty rates or by a large variety of other expressionsof association or correlation. A cohort might comprise two majorg r o u p s , d i f f e r e n t i a t e d by their exposure experience. However, inoccupational s tud i e s , e sp e c ia l ly of cancer, the rate of occurrence ofdeath or disease in the group is o f t e n compared with the rate in some
(continued)
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f a c t o r s a f f e c t mor ta l i ty responses in occupational cohorts. In some
s t u d i e s , exposure surrogates , such as t y p e of Job and durat ion ofemployment , are used to e s t i m a t e exposure. T h e s e e s t imat e s may be l e s spreci se than actual measurements. ( S e e Consumer Product S a f e t yCommission, 1983, for a d e t a i l e d assessment of exposure e s t imat e s amongthe various a sb e s t o s s t u d i e s . )

There may al so be var iab i l i ty in r e p o r t i n g causes of d e a t h ,ascertainment of d ea th s , and d iagno s t i c accuracy of the reported cause ofd ea th . Inaccuracie s are p a r t i c u l a r l y l i k e l y for mesothel ioma anda sb e s t o s i s (Kammond e£ al., 1979). In m o r b i d i t y s t u d i e s , a s b e s t o s i s ,pleural thickening and c a l c i f i c a t i o n , and pulmonary d y s f u n c t i o n may bei n c o m p l e t e l y diagnosed. For example , a l though the American Col l eg e ofR a d i o l o g y has s t a t e d that certain r a d i o g r a p h l c evidence [ i . e . , C a t e g o r y 1p r o f u s i o n , as d e f i n e d in the Internat i onal Labor Organization (ILO) 1980C l a s s i f i c a t i o n ] t o g e t h e r with a clear hi s tory of exposure to a sb e s t o ss u f f i c e s to make a pre sumpt ive d iagnos i s of a sbe s to s i s , other d iagnos t i ccriteria have been s u g g e s t e d .
M e t h o d o l o g i c a l d i f f e r e n c e s are a m a j o r source of variation incomparing s t u d i e s ( E n t e r l l n e , 1976). For e x a m p l e , the resul t s obtainedwill d ep end on the cr i t er ia for s e l e c t i n g the cohort , the choice ofcomparison g r o u p s , the i n f l u e n c e of other environmental f a c t o r s that mayintroduce c o m p e t i n g di sease risks, and the records available.
In a d d i t i o n , h e t e r o g e n e i t y in the t ime at which onset of exposurebegins can introduce a d d i t i o n a l d i s t o r t i o n in the observed r e la t ive ri sks( V e l s s , 1983), e s p e c i a l l y because the t y p e s of exposure experienced bysome workers In the di s tant pas t may d i f f e r f r o m exposures experiencedonly more recent ly. W e i s s also d i s cu s s ed how the r e s u l t s of lung cancers t u d i e s can be a f f e c t e d if per sons who l e f t a job are not in c luded in thes t u d y cohort. He f o u n d that the exclusion of these workers could a f f e c tthe relative risk by a f a c t o r of 2 to 3.
An a d d i t i o n a l d i f f i c u l t y i s encountered when comparing dose-re sponser e su l t s f r o m m o r t a l i t y a n d m o r b i d i t y s t u d i e s , p a r t i c u l a r l y I f t h e

( c o n t i n u e d )
other a p p r o p r i a t e , external p o p u l a t i o n , such as males of an a p p r o p r i a t eage group, because the researchers did not have an a p p r o p r i a t e internalcomparison group. Resul t s of m o r t a l i t y s t u d i e s of cohorts are usual lyexpres sed as a s t andard iz ed m o r t a l i t y ratio (SHR), which is d e f i n e d asobserved deaths in the cohort d iv ided by e x p e c t e d deaths . An SMR ofgreater than 1, if s t a t i s t i c a l l y s i g n i f i c a n t , may indicate that excessdeaths have occurred in the exposed cohort. The SMR is similar to therelative risk. In a case-comparison s t u d y , the e p i d e m i o l o g i s t s t ar t swith cases of the disease of in t e r e s t , such as lung cancer or meso-thelioma, and then compares exposure parameters and other risk f a c t o r sbetween cases and a p p r o p r i a t e l y s e lec ted persons without the disease toto determine whether certain exposures are seen more f r e q u e n t l y amongcases than among the noncases ( some t ime s ca l l ed con tro l s).



125
m o r b i d i t y s t u d i e s are c o n f i n e d to active workers, which is u s u a l l y thecase. A bias is i n t r o d u c e d in s t u d i e s of a c t ive workers, since tho s e
with severe d i s e a s e have p r o b a b l y a l r e a d y l e f t e m p l o y m e n t . H o w e v e r ,
a s b e s t o s i s g e n e r a l l y p r o g r e s s e s a f t e r c e s s a t i o n o f d u s t e x p o s u r e s
( B e c k l a k e e_t a_l., 1979; Rubino e_t a l . , 1 9 7 9 b ) .

N u m e r o u s f o l l o w - u p s t u d i e s o f a s b e s t o s - r e l a t e d m o r t a l i t y have been
c o n d u c t e d on c o h o r t s w i t h varying i n t e n s i t y and d u r a t i o n o f e x p o s u r e ,
t y p e o f e x p o s u r e , t y p e o f work, time a n d d u r a t i o n o f f o l l o w - u p p e r i o d s ,
and e m p l o y m e n t s t a t u s at onset of s t u d y . T h e r e have a l s o beend i f f e r e n c e s in t h e c o m p l e t e n e s s o f t h e c ohor t , c o m p l e t e n e s s o f m o r t a l i t y
a s c e r t a i n m e n t , a v a i l a b i l i t y o f smoking h i s t o r i e s , g e o g r a p h i c area o f
s t u d y , s e l e c t i o n o f c ompar i s on p o p u l a t i o n s , a n d m e t h o d s o f d a t aa n a l y s i s . Because o f the v a r i a t i o n s n o t e d , i t i s not s u r p r i s i n g tha t the
s t a n d a r d i z e d m o r t a l i t y r a t i o s ( S M R s ) a n d d o s e - r e s p o n s e r e s u l t s d i f f e r
g r e a t l y among s t u d i e s ( S e e A p p e n d i x E , T a b l e E - l , a n d Consumer P r o d u c t
S a f e t y C o m m i s s i o n , 1 9 8 3 . ) I n g e n e r a l , however, t h e same m a j o r
d i s e a s e s — l u n g cancer, m e s o t h e l i o m a , and a s b e s t o s i s — h a v e been o b s e r v e d ,
a l t h o u g h no t a l l i n v e s t i g a t o r s c o n d u c t i n g t h e s e s t u d i e s have r e p o r t e d o r
d e t e c t e d e x c e s s e s o f a l l three o f tho s e d i s e a s e s .

C A N C E R M O R T A L I T Y I N O C C U P A T I O N A L C O H O R T S E X P O S E D T O A S B E S T O S
T o e v a l u a t e v a r i a t i o n s i n cancer m o r t a l i t y a s s o c i a t e d w i t ho c c u p a t i o n a l e x p o s u r e to a s b e s t o s , the c o m m i t t e e reviewed s t u d i e s o f 23

o c c u p a t i o n a l c ohor t s . T h e s e are summarized in T a b l e 5-4 and in A p p e n d i x
E, T a b l e £-1. T h e s e s t u d i e s i n d i c a t e t h e v a r i e t y o f o c c u p a t i o n s and
i n d u s t r i e s where a s b e s t o s e x p o s u r e has occurred and the t y p e s o f a s b e s t o s
c o m m e r c i a l l y u s ed .

T h e e p i d e m i o l o g i c a l s t u d y b y D o l l ( 1 9 5 5 ) v e r i f i e d a n d q u a n t i f i e d t h e
occurrence of exce s s lung cancer among p e r s o n s who work w i th a s b e s t o s .
His s t u d y p o p u l a t i o n c o n s i s t e d of 113 men who had been e x p o s e d to h i g h
l e v e l s o f c h r y s o t i l e in an a s b e s t o s - p r o c e s s i n g p l a n t in E n g l a n d b e f o r e
the e f f e c t i v e i m p l e m e n t a t i o n o f r e g u l a t i o n s in 1933. During the
f o l l o w - u p through 1953, there were 11 d e a t h s f r o m lung cancer inc ompar i s on to an e x p e c t e d value of 0.8 based on na t i ona l d e a t h rates.

In 1980, Pe to ( 1 9 8 0 a ) r epor t ed on the m o r t a l i t y exper i ence of 679 men
who were i n i t i a l l y e m p l o y e d a f t e r 1933 at the same p l a n t s t u d i e d by
D o l l . Among these workers, 40 d e a t h s f r o m lung cancer were observedcompared to 23 e x p e c t e d . In a d d i t i o n , there were 10 p l e u r a lm e s o t h e l i o m a s . F u r t h e r m o r e , the risk of m e s o t h e l i o m a a p p e a r e d to bea s s o c i a t e d wi th time e l a p s e d since i n i t i a l exposure.

In the U n i t e d S t a t e s , excess lung cancers among persons who worked
wi th a s b e s t o s were r epor t ed by e p i d e m i o l o g i s t s in 1954, 1963, and 1964( B r e s l o w e£ a l . , 1954; Mancuso and C o u l t e r , 1963; S e l i k o f f e t . a l . , 1964).Among 632 i n s u l a t i o n workers who had been f o l l o w e d for at l e a s t 20 years ,
there were 45 d e a t h s f r o m lung cancer in c ompar i s on to an e x p e c t e d number
of 6.6, based on U . S . d e a t h rate s ( S e l i k o f f £ t al.., 1964).
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TABLE 5-4. Summary of M o r t a l i t y Data for M e s o t h e l l o m a , Lung Cancer, and G a s t r o i n t e s t i n a lCancer in Asbe s t o s -Expo s ed Occupational Cohorts*

Sex and Occupat ionof Cohort______
M A L E S :Mining and M i l l i n gC h r y a o t l l e

A n t h o p h y l l i t eC r o c l d o l l t e
M a n u f a c t u r i n gC h r y a o t l l eA m o s i t eMixed

C
CIFAua

USUS
BB
BUS
US
CD

S i z e o fCohortT r a c e d

5,6452415.666

Deaths in CohortN o l 5 — — — —

9,850544933l ,045 h

1,960

1,2618202,887k
7,474
1,071*
1,075

3,291178332384
526

308528
5451,339317781

33.432.735.636.7
10.6

23.664.4
18.917.929.672.7

601 10.672 22.0

T o t a l
M e s o t h e l l o m a /Pleural-Perl t onea l

10/10-01/1-00*/0-00/0-026/26-0

1/0-114/7-746/19-278/8-010/10-05 / H A
08/0-0
11/6-5
3 / K A

R e s p i r a t o r y Cancer^

Ob« Exp 0/E

230281044
60

184.011.010.422.038.2

1.3*2.5*1.02.0*
1.6*

35831031435163

11.122.843.2139.523.823.3

3.2*3.6*2.4*
1.02.1*2.7*

49 49.1 1.0
20 3.3 6.1*47 27.8 1.7*

I n s u l a t i o nMixed

S h i p y a r d sMixed

F E M A L E S ;M a n u f a c t u r i n gC r o c i d o l l t eMixed

USU SB
63217,800162

6,0762,190

5787833,7061,304

478 75.62,271 12.8122 75.3

1,0431,970 17.248.9

166 28.7200 25.5299 8.1396 30.4

38/11-27175/63-11213/8-5

3 1 / K AN A

17/13-421/13-72/2-06 / N A

93
42935

1227622

13.3 7.0*105.6 4.0*5.0 7.0*

88 100.7 0.9
123 54.9 2.2*

6.3 1.9*3.2 8.4*11.3 0.511.0 2.0*

• A d a p t e d f r o a McDonald and McDonald (1981) and f r o n Consumer Produc t S a f e t y Comaiss ion (1983,p. 11-57). T h e s e s t u d i e s are de s cr ibed in acre d e t a i l in T a b l e E-l of A p p e n d i x E.bObs • ob served; Exp • e x p e c t e d ; 0/E • o b s e r v e d / e x p e c t e d ; LL " lower l i m i t ; UL • u p p e r l im i t .cCountry of s t udy: US • U n i t e d S t a t e s , B • Britain, C " Canada, F • F i n l a n d , 1 • I t a l y , D "Denmark, Aus • A u s t r a l i a .d95X conf idence intervals ( t v o - s l d e d ) ca l cu la t ed assuming normal d i s t r i b u t i o n for l og SMR.e T h e columns headed "power" above ind i ca t e the p r o b a b i l i t y of d e t e c t i n g an e f f e c t , given thesice of the popu la t i on s t u d i e d , assuming that exposure produced a minimum re la t ive risk of 1.5.More p r e c i s e l y , s t a t i s t i c a l power is the p r o b a b i l i t y that the null h y p o t h e s i s of no increasedrelative risk (& • 1) will be r e j e c t e d by a one-sided te s t with a - 0.05 If the true relativerisk (K) is a c t u a l l y 1.5 in a p o p u l a t i o n of the size s t u d i e d . The calculation (see Beaumont and• Breslow, 1981) is based on the a s sumpt ion t h a t , under the null h y p o t h e s i s , the observed number ofdeaths has a Poissoa d i s t r i b u t i o n with e xpe c t ed value equal to E ( t h e expec t ed number of deathsfor persons of this age g r o u p ) and that the square root t r a n s f o r m a t i o n s tab i l i z e s the variance ofthe Pol s son d i s tr ibut ion. Power is c a l c u l a t e d by computing 8 " 1.645 - 2 ( / I - I X • / E ) and thendetermining the area to the right of 2 f r o m a table of the s tandard normal d i s tr ibu t ion.
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TABLE 5-4 ( c e n t . )

G a s t r o i n t e s t i n a l Cancer bR e s p i r a t o r y Cancer ( c e n t . )
95ZC o n f i d e n c e Power CoL i a i t s d Detec t 0/E __

>1.5. a • 0.05 e Obs Eacp 0/E LLLL UL

951Conf id enc eU n i t * ' ' UL
Povet toDetec t 0/E>1.5.a - O.OS e R e f e r e n c e s

1.11.80.51.51.2

2.32.9
2.00.9
1.62.1
0.8
3.9
1-3

5.73.7
5.0

0.7
1.9

1.15.80.21.3

1.43.7
1.6
2.7
2.2

4.4
4.5
2.91.22.83.5
1.39.4
2.3

8.64.4
9.7

1.12.7

3.4
12.3

1.23.0

1.000.44
0.420.68
0.87

0.44
0.69
0.90
1.000.71
0.70
0.930.20
0.76

0.501.000.26

1.000.95

0.300.20
0.450.44

276
10197
N A J

1328
40

103
1655
254
59

439413

7374

1020
29
NA

272.4
9.519.38.0

N A

9.922.734.0
107.215.739.9

50.12.549.3

15.059.4
2.2

83.358.6

20.310.227.4
NA

1.0
1.11.00.9i

N A

1.31.2
1.2
1.0i.o
1.4*
0.5
1.61.2

2.9*
1.6*5 . 9 f

0.91.3

0.52. Of
1.1

NA

0.9
0.6
0.60.4
•——

0.80.90.90.80.61.1
0.30.60.9

2.1
1.33.4

0.7
1.0

0.31.3
0.7—

1.12.0
1.51.8
— ™

2.31.8
1.6
1.21.71.8
0.7
4.3
1.5

3.91.9
10.2

1.11.6

0.93.01.5—

1.00
0.40
0.63
0.36
~*~

0.41
0.690.84
1.00
0.560.88
0.94
0.18
0.93

0.54
0.97
0.16

0.990.96

0.650.42
0.76—

McDonald « a l . , 1980N l c h o l s o n et al.. 1979Rubino et al., 1979aMeuroan et a l . , 1979H o b b s et a l . , 1980

Deaent et a l . , 1983bS e i d a a n e£ a l . , 1979Newhouse and Berry, 1979Newhouse et a_l., 1982Peto et al . , 1977H e n d e r s o n andEnterliae, 1979H u g h e s and U e i l l . 1980F i n k e l s t e i n , 1983Cleaaesen andH j a l g r i a - J e n s o n , 1981

S e l i k o f f e t a l . , 1979S e l i k o f f et â ., 1979Elaes and S i m p s o n , 1977

R o a s i t e r and C o l e s , 1980
Puntoni et a l . , 1979

Jones et a l . , 1980Newhouse and Berry, 1979N e w h o u s e et a l . , 1982Acheson et a l . , 1982

1 S t a t i s t i c a l l y s i g n i f i c a n t i n c r e a s e I p ' . 0 5 ) .80ne po s s ib l e case (Rubino «£§_!. , 1 9 7 9 ) ; two cases not aeeting criteria ( H u g h e s and U e l l l , 1980).h H a l e s and f e m a l e s (Meurman e_t a_l., 1979; P e t o ejc •!., 1977).1 Based upon 1974 report (Heuraan et a_l., 1974).JNA " data not available.' 'Bas ed on M a l e s , e x c l u d i n g lagger s (Newhous e and Berry, 1979).^ S t u d y of cancer incidence (Cleaae s en and H j a l g r i a - J e n s o n , 1961).
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S i n c e 1964, a number of i n v e s t i g a t o r s have document ed an exce s s

occurrence of lung cancer a n d / o r m e s o t h e l i o m a among persons
o c c u p a t i o n a l l y exposed to asbes tos . Severa l o f these s t u d i e s are b r i e f l yd e s c r i b e d be low, b y i n d u s t r y a n d f i b e r t y p e . C r i t e r i a f o r s e l e c t i n g
the s e s t u d i e s i n c l u d e d t h e a v a i l a b i l i t y o f q u a n t i t a t i v e e x p o s u r e d a t a o r
a q u a l i t a t i v e e xpo sur e a s s e s s m e n t , size o f the a v a i l a b l e o c c u p a t i o n a l
cohort , and any unusual exposure or d i s e a s e ob s ervat ions not r e p o r t e d in
other s t u d i e s . ( S e e T a b l e 5-4 and A p p e n d i x E , T a b l e E- l f o r more d e t a i l son these s t u d i e s . )

M i n i n g a n d M i l l i n g
C h r y s o t i l e . T h r e e c ohor t s o c c u p a t i o n a l l y e x p o s e d t o c h r y s o t i l e

a s b e s t o s dur ing mining and m i l l i n g o p e r a t i o n s had a m o d e r a t e l y increas ed
risk for lung cancer (SMRs f r o m 1.0 to 2 .6). In the l a r g e s t
i n v e s t i g a t i o n , McDonald et al. ( 1 9 8 0 ) s t u d i e d all e m p l o y e e s who had
worked for at l e a s t 1 month in Quebec mines. F r o m 1950 to 1975, 3 ,291
d e a t h s occurred among the 9,850 m a l e e m p l o y e e s s u c c e s s f u l l y t rac ed and
f o l l o w e d for 20 years or more a f t e r i n i t i a l emp loymen t . An increase in
lung cancer m o r t a l i t y was observed (SMR * 1.3, 230 observed vs. 184
e x p e c t e d ) , and the risk increa s ed w i t h d u r a t i o n o f e m p l o y m e n t (SMR = 1.0for <1 year to 1.6 for >20 y e a r s ) and l ev e l of exposure (SMR = 0.9 for
<30 m p p c f ( y r ) to 2.3 for 3̂00 m p p c f ( y r ) . E l e v e n cases of m e s o t h e l i o m awere observed.

A n t h o p h y l l i t e . M a l e a n d f e m a l e e m p l o y e e s o f a n t h o p h y l l i t e a s b e s t o s
mines in F i n l a n d were s t u d i e d by Meurman et al. ( 1 9 7 4 , 1 9 7 9 ) , who
reported a t w o f o l d increase in lung cancer m o r t a l i t y (44 observed vs.
22.4 e x p e c t e d ) and no m e s o t h e l i o m a s among the 1,045 per sons s u c c e s s f u l l y
t r a c e d . A l l l u n g cancer d e a t h s occurred among t h e male e m p l o y e e s , a n dthe risk was a s s o c i a t e d w i t h e s t i m a t e d i n t e n s i t y o f e xpo sure (SMR * 1.4
vs. 3.3 for low and heavy e x p o s u r e s , r e s p e c t i v e l y ) . Lung cancer risk
among nonsmoking a s b e s t o s - e xpo s ed e m p l o y e e s was 1.4 compared to a
r e l a t i v e risk of 17.0 for the a s b e s t o s - e x p o s e d e m p l o y e e s who smoked.

C r o c i d o l i t e . For expo sure a s s o c i a t e d w i t h c r o c i d o l i t e mining inW e s t e r n A u s t r a l i a , there was a s imi lar increase in risk of lung cancer(SMR * 1.6, 60 observed vs. 38.2 e x p e c t e d ) and a s trong a s s o c ia t i on wi thm e s o t h e l i o m a ( H o b b s e j t £l . , 1980). T w e n t y - s i x cases o f p l e u r a l
m e s o t h e l i o m a were observed among the 526 d e a t h s , and the m e s o t h e l i o m a
risk increased wi th increased d u r a t i o n and i n t e n s i t y of e xpo sure .
F o l l o w - u p period was r e l a t i v e l y short.

No increases in g a s t r o i n t e s t i n a l cancer were observed for any of themining and m i l l i n g cohor t s reviewed.

M a n u f a c t u r i n g
C h r y s o t i l e . M o s t a s b e s t o s e xpo sur e s a s s o c i a t e d wi th m a n u f a c t u r i n gprocesses involve mixed f i b e r t y p e s , but Dement et al. (1982, 1983a,b)
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examined the r i sks a s s o c i a t e d w i t h e x p o s u r e to c h r y s o t i l e a s b e s t o s in
t e x t i l e f a c t o r y workers. T h e y observed a marked increase in lung cancer
m o r t a l i t y (SMR » 3.2, 35 o b s e r v e d / 1 1 . 1 e x p e c t e d ) , and the risk was
s t r o n g l y c o r r e l a t e d w i th exposure l e v e l . T h e r e was a l s o one p e r i t o n e a l
m e s o t h e l i o m a . I n c r e a s e d ri sks f or b o th l u n g cancer and nonmal ignant
r e s p i r a t o r y d i s e a s e were observed at e xpo sure l e v e l s lower than t h o s e
r e p o r t e d in other s t u d i e s .

A m o s i t e . M o r t a l i t y due t o lung cancer was increased three- to
f o u r - f o l d ( 8 3 observed / 2 2 . 8 e x p e c t e d ) f o r 8 2 0 f a c t o r y workers e x p o s e d t o
amos i t e a s b e s t o s ( S e i d m a n e_t aL. , 1 9 7 9 ) . The h i g h e r r i sks were observed
f o r th e s u b g r o u p f o l l o w e d 20 years or l o n g e r a f t e r i n i t i a l e m p l o y m e n t
(SMR - 5.1, 52 o b s e r v e d / 1 0 . 1 e x p e c t e d ) . T h i s cohort i s a somewhatunusual p o p u l a t i o n because o f i t s l i m i t e d d u r a t i o n o f in t en s e work
e x p o s u r e ( 1 9 4 1 - 1 9 4 5 ) and l o n g p e r i o d o f o b s e rva t i on . Other exc e s s
cancer s , i n c l u d i n g 14 m e s o t h e l i o m a s , were a l s o r e p o r t e d .

M i x e d . N e w h o u s e and Berry ( 1 9 7 9 ) r e p o r t e d increased r i sks o f l u n g
cancer m o r t a l i t y f or b o t h m a l e s (SMR * 2.4, 103 o b s e r v e d / 4 3 . 2 e x p e c t e d )
and f e m a l e s (SMR = 8.4, 27 o b s e r v e d / 3 . 2 e x p e c t e d ) in a f o l l o w - u p s t u d y of
4,600 male and 922 f e m a l e e m p l o y e e s of an East London a s b e s t o s f a c t o r y in
which c r o c i d o l i t e and amos i t e were used. A p p r o x i m a t e l y 102 o f a l l d e a t h s
r e s u l t e d e i t h e r f r o m p l e u r a l o r p e r i t o n e a l m e s o t H e l i o m a .

E x c e p t for 10 cases of m e s o t h e l i o m a , no increased cancer m o r t a l i t y
was observed among more than 11,000 m a l e s and f e m a l e s e m p l o y e d d u r i n g
1941 or l a t e r at a B r i t i s h f a c t o r y p r o d u c i n g f r i c t i o n m a t e r i a l s (Berry
and N e w h o u s e , 1983; N e w h o u s e £ £ £ ! • > 1 9 8 2 ) . In a ca s e-contro l s t u d y t h a tc orr e c t ed f or t o t a l a s b e s t o s e x p o s u r e , 5 o f 6 cases had d e f i n i t e l y worked
wi th c r o c i d o l i t e , whereas 2 of 10 c on t ro l s had.

A cohort o f 1,345 r e t i r e d a s b e s t o s p r o d u c t s workers e m p l o y e d f r o m
1941 to 1967 had increased r i sk s for lung cancer (SMR = 2.7, 63
o b s e r v e d / 2 3 . 3 e x p e c t e d ) a n d g a s t r o i n t e s t i n a l cancer m o r t a l i t y ( S M R = 1.4,
55 o b s e r v e d / 3 9 . 3 e x p e c t e d ) ( H e n d e r s o n and E n t e r l i n e , 1 9 7 9 ) . Overal l
m o r t a l i t y among the 1,075 re t iree s s u c c e s s f u l l y traced to 1973 was 73%.
The lung cancer risk was s t r o n g l y a s s o c i a t e d w i t h amount of e x p o s u r e ,e x p r e s s e d as m i l l i o n p a r t i c l e s per cubic f o o t m u l t i p l i e d by number o f
years of expo sure ( m p p c f - y r ) , ranging f r o m an SMR of 2.0 up to 7.8. Lung
cancer risk d i f f e r e d by type of a sbe s to s exposure (SMR of 2.5 forc h r y s o t i l e alone vs . 5*2 for mixed c h r y s o t i l e and c r o c i d o l i t e
e x p o s u r e s ) . F i v e m e s o t h e l i o m a d e a t h s were observed. S t u d y r e s u l t ssugge s t that e f f e c t s o f a s b e s t o s e xpo sure on l u n g cancer risk maycontinue l ong a f t e r t h e t e r m i n a t i o n o f e xpo sur e . S t u d i e s o f a r e t i r e ecohort may re su l t in an u n d e r e s t i m a t i o n of ac tual r i sks , since d e a t h s
among e m p l o y e e s under age 65 would be o m i t t e d . The Consumer P r o d u c t
S a f e t y Commis s i on ( 1 9 8 3 ) s u g g e s t s that the r i sks may be u n d e r s t a t e d by as
much as t w o - f o l d .
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No increase in lung cancer mor ta l i ty or cancer of any other s i t e ,except mesothel ioma, was observed in the cohort of 5,645 employees of anasbestos-cement product manufacturing f a c i l i t y s tudied by Hughe s andW e i l l (1980). In the high exposure subgroup, lung cancer risk wasincreased for employee s exposed to c ro c ido l i t e , and two mesotheliomadeath s were r e p o r t e d . The low overall m o r t a l i t y , 10.6Z, and the lowtracing rate, a p p r o x i m a t e l y 751, sugge s t that this s t udy may haveresul ted in an under e s t imat e of m o r t a l i t y risks.
F i n k e l s t e i n (1983) s t ud i ed 328 asbestos-cement workers hired b e f o r e1960 and employed for a minimum of 9 years. Meso the l i oma was s t r o n g l yassociated with exposure level for product ion workers, whereas a

dose-response r e l a t i o n s h i p was not observed for lung cancer. Excess lungand ga s t ro in t e s t ina l cancers were observed.
Clemmesen and H j a l g r i m - J e n s o n (1981) s t ud i ed cancer incidence among6,372 Danish males who worked in asbestos-cement f a c t o r i e s between 1944and 1976. There were 55 cases of re spiratory cancer compared to 33e x p e c t e d , based on Danish Cancer Regi s t ry incidence rates. Threemeso the l iomas were observed in a d d i t i o n to excess p r o s t a t e , laryngeal ,and stomacn cancers. Cancer incidence in the unexposed employees at thesame f a c t o r i e s was not increased.
J o n e s et al. (1980b) s tud i ed a cohort of 578 f e m a l e s exposed toc r o c i d o l i t e f r o m western A u s t r a l i a during the manufacture of gas masks.The 12 cases of lung cancer (SMR " 1.9, 12 ob s erved/6.3 e x p e c t e d ) and the17 mesothelioma cases (13 pleural and 4 p er i t onea l) were all exposed toc r o c i d o l i t e , whereas no cases of meso the l ioma or lung cancer occurredamong the 102 f e m a l e s exposed only to chrysot i le . Overall, 10X of deathswere due to mesothel ioma. Risk of mes the l ioma was s t rongly associatedwith duration of exposure, a l though no dose-response r e l a t i o n s h i p wasobserved for lung cancer.
S i m i l a r resul t s were reported among 1,304 f e m a l e s who manufacturedgas masks at three locat ions f o l l o w e d f r o m 1951 to June 30, 1980 (Achesonest al., 1980). Deaths from lung cancer (SMR " 2.0, 22 observed/11e x p e c t e d ) and ovarian cancer (SMR • 2.2, 17 observed/7.8 e x p e c t e d ) wereincreased. Lung cancer excess was higher for those exposed predominantlyto c ro c ido l i t e compared to those exposed predominant ly to chrysot i le .Five of the six mesotheliomas occurred in those exposed predominantly tocrocidol i te .
All s tudie s of occupational cohorts exposed to asbestos duringmanufacturing processes had an overall increased risk of lung cancer or adose-response re lat ionship in the exposure subgroups ( H u g h e s and W e i l l ,1980; Peto e t .a l . , 1977). Elevated risk ratios (>1.1) forgas tro int e s t inal cancer were observed in six of the nine cohorts reviewed(Clemmesen and H j a l g r i m - J e n s o n , 1981; Dement e_£ al.., 1983b; F i n k e l s t e i n ,1983; Henderson and Enter l lne , 1979; Newhouse and Berry, 1979; Seldman etal., 1979).



131
I n s u l a t i o n

M i x e d . All three of the cohorts involved in end produc t use of
a s b e s t o s as i n s u l a t o r s were e xpo s ed to mixed t y p e s of a sbe s to s . One ofthe l a r g e s t s t u d i e s i s t h a t o f S e l i k o f f e_t al_. ( 1 9 7 9 ) , who s t u d i e d 17,800
members of an i n s u l a t o r ' s union. Overall m o r t a l i t y in th i s cohort was
12.8%; 2,271 d e a t h s were r e p o r t e d t h r o u g h 1976. Lung cancer risk was
increased f o u r - f o l d (429 o b s e r v e d / 1 0 5 . 6 e x p e c t e d ) and increases were
observed for g a s t r o i n t e s t i n a l cancer (SMR « 1.6, 94 ob s e rv ed /59 .4
e x p e c t e d ) , cancer of the larynx, pharynx , buccal cav i ty (SMR » 1.7, 25
o b s e r v e d / 1 4 . 8 e x p e c t e d ) , and k i d n e y (SMR » 2.2, 18 o b s e r v e d / 8 . 1
e x p e c t e d ) . Dose-r e spons e r e l a t i o n s h i p s were not examined because of the
lack o f e xpo sur e d a t a . M e s o t h e l i o m a s (63 p l e u r a l and 112 p e r i t o n e a l )
a c c o u n t e d f or 7.7% o f th e d e a t h s . A n a l y s i s o f t h e r e l a t i o n s h i p between
smoking and lung cancer risk u s ing d a t a f r o m the Amer i can Cancer S o c i e t yi n d i c a t e d a c o n s i s t e n t m u l t i p l i c a t i v e e f f e c t , in tha t a 1 0 - f o l d increase
in risk of lung cancer was a s s o c i a t e d w i t h smoking in both a s b e s t o s -
e x p o s e d and unexpo s ed g r o u p s . A f i v e - f o l d increase in lung cancer risk
was a s s o c i a t e d w i t h a s b e s t o s e x p o s u r e in bo th smokers and nonsmokers
(Hammond e£ a_l., 1979).

E l ine s and S i m p son ( 1 9 7 7 ) r e p o r t e d an u n u s u a l l y h igh risk of lung
cancer (SMR = 7.0, 35 o b s e r v e d / 5 e x p e c t e d ) and g a s t r o i n t e s t i n a l cancer
(SMR = 5.9, 13 o b s e r v e d / 2 . 2 e x p e c t e d ) for a cohort of 162 i n s u l a t o r s and
p i p e coverers e m p l o y e d in N o r t h e r n I r e l a n d d u r i n g 1940. Overall
m o r t a l i t y in t h i s cohort was 75.3% by 1975; 542 of the d e a t h s were due to
cancer. T h i r t e e n cases o f m e s o t h e l i o m a ( e i g h t p l e u r a l and f i v e
p e r i t o n e a l ) were r e p o r t e d . No d i f f e r e n c e in cancer ri sk was a p p a r e n t f or
workers f i r s t e m p l o y e d b e f o r e or a f t e r 1933. Ascer ta inmen t bias i su n l i k e l y t o e x p l a i n t h e m a g n i t u d e o f t h e ri sks r e p o r t e d f o r t h i s cohort.

S h i p y a r d s
M i x e d expo sure s . R o s s i t e r and C o l e s ( 1 9 8 0 ) s t u d i e d 6,076 dockyardworkers employed b e f o r e 1947. T h e y r e p o r t e d no increase in lung cancer

m o r t a l i t y (SMR * 0.7, 84 o b s e r v e d / 1 1 9 . 7 e x p e c t e d ) or g a s t r o i n t e s t i n a lcancer (SMR * 0.8, 63 o b s e r v e d / 8 3 . 3 e x p e c t e d ) . M e s o t h e l i o m a was r e p o r t e d
for 31 ( 3 2 ) of the 1,043 d e a t h s . However , since l e s s than 202 of t h i scohort have d i e d , excess cancers may not be f u l l y apparent .

In a s t u d y of 2,190 I t a l i a n dockworker s , Puntoni e£ aK ( 1 9 7 9 )
observed increased risks for lung cancer (SMR * 2.2, 123 ob s e rv ed /54 .9
e x p e c t e d ) , g a s t r o i n t e s t i n a l cancer (SMR * 1.3, 74 o b s e r v e d / 5 8 . 6e x p e c t e d ) , laryngeal cancer (SMR * 1.9, 15 o b s e r v e d / 7 . 7 e x p e c t e d ) , andkidney cancer (SMR * 2.0, 29 observed/14.7 e x p e c t e d ) .
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Relative C a r c l n o g e n l c l t y o f D i f f e r e n t T y p e s o f A s b e s t o s

There has been much discussion about whether certain asbestosvarieties are more carcinogenic than others. The question is ofpract i cal importance, because the vast m a j o r i t y of asbestos used in theUnited S t a t e s and the world is chryso t i l e; however, it is d i f f i c u l t toanswer, because s tudies of d i f f e r e n t types of asbestos are confounded byt y p e of indus try (mining and m i l l i n g vs. asbestos-cement vs. asbestosinsulation vs. asbestos t e x t i l e s ) , by f i b e r size characteri s t ic s withinan indus try, by variations in f i b e r and dust p a r t i c l e concentration andtheir measurement, and by variations in s t u d y methods. T h e r e f o r e , directcomparisons are not easily made among epidemiologlcal studies. fl
S p e c i a l a t t e n t i o n has been given to c r o c i d o l l t e , e sp e c ia l ly in regardto its as sociat ion with mesothe l ioma. Some groups of workers exposed toc r o c i d o l l t e have had a r e la t iv e ly high rate of mesothel ioma. Among thoseare black South A f r i c a n c r o c ido l l t e miners (22 prevalence) ( T o l e n t etal., 1980) and gas-mask workers (up to 10% of d e a t h s ) (Acheson et al.,1980; J o n e s ^t j a l . , 1980). In a s t u d y of naval dockyard workers,R o s s l t e r and Co l e s ( 1 9 8 0 ) r epor t ed 31 dea th s f r om mesothelioma and only13 other dea th s f r o m a sbe s t o s-re la t ed disease among 1,043 deathsascertained (Ross l t er and Cole s , 1980). McDonald (1980) suggested thatuse of c r o c i d o l i t e by the Briti sh navy could expla in such a f i n d i n g .
Data on chryso t i l e exposures are mixed. Canadian s tudies ofchryso t i l e miners and mil lers have sugge s t ed that the average incidenceof mesothelioma is relatively low ( 0 . 5 Z ) (McDonald, 1980). Dement et al.(1983b) reported that only one of 308 dea th s in a chrysoti le asbestost e x t i l e p lant was a t t r i b u t a b l e to mesothelioma. Peto (1980b) reported ahigh risk f r o m mesothel ioma in an asbes tos t e x t i l e plant in whichchry so t i l e p r e d o m i n a t e d , a l though small amounts of c ro c ido l i t e were alsoprocessed. S i m i l a r l y , Robinson e_t 8.1. (1979) reported that mesotheliomaaccounted for 4.3Z of deaths among workers who processed predominant lychry so t i l e , and le s ser amounts of c r o c ido l i t e and amosite. The ConsumerProduct S a f e t y Commission (1983) n o t e d , " E p l d e m l o l o g i c a l s tudie s sugges tthat chrysoti le has a lower potent ia l for producing peritonealmesotheliomas than [ d o ] other f i b er t y p e s , but there is less evidence ofmarked d i f f e r e n c e s between f i b e r type s in their po t ent ia l to producepleural meso the l ioma and lung cancer." Acheson and Gardner (1983), ind i s cu s s ing mesothelioma in humans, have concluded that "exposure tochrysot i le alone so far has rarely been shown to cause mesothelioma."
Many of these apparent d i f f e r e n c e s may be explained by thed i f f e r e n c e s in physical p r o p e r t i e s and concentrations of the f i b e r s usedby the various industries. Both of these f a c t o r s would a f f e c t d e p o s i t i o nand clearance of f i b e r s in the lung. However, the po s s i b l e role of otherf a c t o r s , Inc lud ing chemistry, has not been ruled out.
T h u s , the e p i d e m i o l o g i c a l l i t erature on the relative ab i l i ty ofd i f f e r e n t f i b e r t y p e s to cause di sease does not present a clear pic ture.
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H o s t of the s t u d i e s on f i b e r t y p e have been f o c u s s e d on ne s o th e l i oma,which accounts for only some a s b e s t o s -r e la t ed disease. Exper imenta l and
animal s t u d i e s , d i s cus s ed in C h a p t e r 6, have not d e t e c t e d s y s t e m a t i cd i f f e r e n c e s in carc inogenic i ty or f i b r o g e n i c i t y among d i f f e r e n t t y p e s o f
a sbe s to s .

E f f e c t s o f S m o k i n g
C i g a r e t t e smoking is the s ing l e most impor tant known cause of lungcancer in humans. Because most a s b e s t o s workers have a l so been c i g a r e t t e

smokers, i t has been d i f f i c u l t to evaluate s e p a r a t e l y the e f f e c t s o fasbe s t o s and of c i g a r e t t e smoke on lung cancer. The most d e p e n d a b l e dataare tho s e of Hammond et al. ( 1 9 7 9 ) , d e s cr ib ed ear l i er , in which a large
number of workers were s t u d i e d . T h e s e inve s t iga tor s al so reported thatm e s o t h e l l o m a risk does not a p p e a r to be a f f e c t e d by c i g a r e t t e smoking.Among male a s b e s t o s workers who never smoked c i g a r e t t e s r e g u l a r l y , eight
ne so th e l i oma d e a t h s were observed, the same number as e x p e c t e d based ont h e a g e - s p e c i f i c d e a t h rates f or a l l a s b e s t o s workers.

Summary
An increased risk of lung cancer is a s s o c i a t ed with exposure to all

m a j o r t y p e s o f commercial a s b e s t o s ( c h r y s o t i l e , a m o s i t e , c r o c i d o l i t e , anda n t h o p h y l l i t e ) , and th i s I n c r e a s e i s observed for a l l o c cupa t i ona l g r o u p sh a n d l i n g a sbe s t o s . A s b e s t o s exposure is a s s o c ia t ed with an increase inrisk (1.5- to 5 - f o l d ) for both smokers and nonsmokers.
An increased risk of m e s o t h e l i o m a in humans is a s so c ia t ed withexposure to c r o c i d o l i t e , amo s i t e , and c h r y s o t i l e , but has not beenr e p o r t e d f or a n t h o p h y l l i t e , p o s s i b l y because a n t h o p h y l l i t e i s much l e s sused than are the other t y p e s of a sbe s to s . A lower risk of me s o th e l i omais observed for workers in c h r y s o t i l e mining and m i l l i n g opera t i on s ascompared to c h r y s o t i l e use-in other indus tr i e s .
M o r t a l i t y due to g a s t r o i n t e s t i n a l cancer was increased in 11 of thes t u d i e s reviewed, but the magnitude of the increased risk and the qua l i tyof available evidence were not as s trong as they were for lung cancer andmesothel ioma. The excess risk for g a s t r o i n t e s t i n a l cancer wass t a t i s t i c a l l y s i g n i f i c a n t in 5 of the 11 s t u d i e s with relative risksgreater than 1.1; but only two of these s t u d i e s had s u f f i c i e n t power(0.80) to d e t e c t a 50Z increase in re la t ive risk ( T a b l e 5-4; Hender s onand Enterl ine , 1979; S e l i k o f f e£ al., 1979). In a d d i t i o n , the increasedrisks for cancer of the larynx and kidney reported in some s tudi e s may,like risks for lung cancer, be p a r t l y a consequence of c igare t t e smokingand other environmental exposures. An Increase in ovarian cancerobserved in two s t ud i e s was concentrated among the heavily exposedsubgroups (Acheson e £ a l . , 1982; Newhouse and Berry, 1979). Theassoc iat ion of asbes tos with an increased risk of malignancies other thanlung cancer and meso the l ioma has not been conf irmed in animal s tud i e s andhas not been observed c on s i s t en t ly in human s tudie s .
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The increased risk of lung cancer is a s soc iated with age, cumulativeasbestos exposure, and smoking. In many s t u d i e s , a linear dose-responsehas been observed for lung cancer and a sbe s to s exposure; however, therewas a d e l a y of a p p r o x i m a t e l y 10 to 20 years f o l l o w i n g exposure b e f o r e theIncreased risk became m a n i f e s t . No a s soc ia t ion between mesothel ioma and

c i g a r e t t e smoking has been observed. A d e l a y of 20 to 40 years has beens u g g e s t e d a s the l a t e n c y per i od required for a sbe s to s- inducedmesothelioma.
Measurements of exposure I n t e n s i t y are lacking in most s tud i e s .

Where such measurements have been a t t e m p t e d , i t Is s t i l l d i f f i c u l t t o
e s t i m a t e earlier a s b e s t o s expo sure s when only du s t measurements wereobtained. O f t e n one can only e s t a b l i s h crude categorie s of exposure( h i g h , m o d e r a t e , and l o w ) and cannot e s t i m a t e cumulative f i b e r exposure
l ev e l s f o r I n d i v i d u a l s .

T h e r e is c on s id erab l e variation in the risk e s t i m a t e s obtained in the
s t u d i e s reviewed by the committee . As noted earlier, this variation may
result f r o m many f a c t o r s In the s t u d i e s themse lve s , as well as f r o m atrue a s b e s t o s e f f e c t . P a r t i c u l a r l y impor tant i s the u s e o f d i f f e r e n t
expo sure-re la t ed cri teria for s e l e c t i n g the s t u d y cohort s , such ass e l e c t i n g only i n d i v i d u a l s e xpo s ed for a certain minimum p e r i o d , whosurvived for a. per iod a f t e r I n i t i a l e xpo sure , who were employed b e f o r e as p e c i f i e d d a t e , or who were e m p l o y e d as of a s p e c i f i e d d a t e and hadvarying l e n g t h s of exposure and years since initial exposure.

Some cohorts are more heterogeneous than others with re spec t toexpo sure-re la t ed charac t er i s t i c s . S t u d i e s o f these groups are l i k e l y toproduce lower risk e s t i m a t e s . It i s in cr ea s ing ly d i f f i c u l t t o i d e n t i f y a
consis tent gradient o f risk across exposure subgroup s ( low, medium, h i g h )if they are e x t r eme ly heterogeneous with regard to d a t e of hire, durationof e m p l o y m e n t , and time f r o m initial employment .

Comparisons of risk e s t imate s f r o m various s tud i e s are f u r t h e rl imi t ed by variations due to i n c o m p l e t e tracing of the cohort;
m i s c l a s s i f l c a t i o n of cause of d e a t h ; use of i n a p p r o p r i a t e comparisongroup s; and more aggres s ive e f f o r t s to a scer tain disease (or d e a t h s ) inthe cohort than in the comparison group. Fur th ermore , in makingcomparisons among d i f f e r e n t cohort s , it is important to consider thepercentage of the cohort that has d i e d , since it is d i f f i c u l t to comparere su l t s f r o m younger cohorts with 102 m o r t a l i t y wi th re sul t s f r o m o l d e r
cohorts with much higher mortali ty.

Some of the observed variation in risk may be due to d i f f e r e n c e s in
the e f f e c t s of f i b e r s of d i f f e r e n t t y p e s or dimensions and the use ofthese f i b e r s in processes in which other contaminants are present.However, the magnitude of the d i f f e r e n c e in reported risks Is not l ik e lyto be expla ined by f i b e r or process d i f f e r e n c e s alone. T h u s , on thebasis of e p i d e m l o l o g i c a l da ta , it is not p o s s i b l e to determine the role
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of f i b e r t y p e and f i b e r s ize in the risk of lung cancer and m e s o t h e l i o m aor to a t t r i b u t e g r ea t e r or l e s s e r risk to some t y p e s of a s b e s t o s f i b e r s
for l ung cancer and me s o th e l i oma.

A S B E S T O S I S A N D A S B E S T O S - A S S O C I A T E D P L E U R A L D I S E A S E
I N O C C U P A T I O N A L C O H O R T S

T h i s s e c t i on reviews o c c u p a t i o n a l m o r t a l i t y and m o r b i d i t y s t u d i e s o f
a s b e s t o s i s and a s b e s t o s - a s s o c i a t e d p l e u r a l d i s e a s e . For a more e x t en s iv e
review, see Dement ejt aK (in p r e s s ) .

M o r t a l i t y S t u d i e s
D e a t h s a t t r i b u t a b l e to a s b e s t o s i s o f t e n are not r e p o r t e d as such.

I n s t e a d , m o r t a l i t y r a t e s a r e o f t e n r e p o r t e d f o r nonmal ignant o r chronic
r e s p i r a t o r y d i s e a s e s among workers e x p o s e d to a s b e s t o s . T h e s e may
i n c l u d e chronic b r o n c h i t i s , e m p h y s e m a , i n f l u e n z a , and pneumonia in
a d d i t i o n t o p u l m o n a r y f i b r o s i s o r a s b e s t o s i s .

M i x e d F i b e r E x p o s u r e s . M o s t m a n u f a c t u r i n g p l a n t s have used a var i e ty
of f i b e r t y p e s , u s u a l l y c h r y s o t i l e and one or more a m p h i b o l e s .
I n v e s t i g a t o r s s t u d y i n g e x p o s u r e s t o mixed f i b e r s have r e p o r t e d m o r t a l i t y
rate s a t t r i b u t a b l e to a s b e s t o s i s . For e x a m p l e , in a s t u d y o f 17,800
i n s u l a t i o n workers, S e l i k o f f e t a l . ( 1 9 7 9 ) r e p o r t e d that a p p r o x i m a t e l y 8%
of 2 ,271 d e a t h s were due to a s b e s t o s i s .

M o r t a l i t y s t u d i e s o f a s b e s t o s t e x t i l e workers e xpo s ed t o a var i e ty o f
f i b e r t y p e s have had mixed r e s u l t s . Mancuso and C o u l t e r ( 1 9 6 3 ) observed
142 of 195 d e a t h s f r o m a s b e s t o s i s among workers p r o d u c i n g t e x t i l e andf r i c t i o n p r o d u c t s . In a cohort o f Bri t i sh a sbe s to s t e x t i l e workers, P e t o
et al. ( 1 9 7 7 ) observed 35 d e a t h s due to nonmal ignant r e s p i r a t o r y d i s e a s e ,
whereas 25 were e x p e c t e d (SMR = 1.4), among those employed a f t e r
i m p l e m e n t a t i o n o f environmental c o n t r o l s in 1933. Newhous e ( 1 9 6 9 , 1 9 7 3 )
and N e w h o u s e e_t £l. ( 1 9 7 2 ) s t u d i e d 4,600 male and 922 f e m a l e workers in a
p l a n t i n i t i a l l y p r o d u c i n g a s b e s t o s t e x t i l e a n d l a t e r a s b e s t o s i n s u l a t i o np r o d u c t s . Among tho se in the h ighe s t expo sure group (>10 f i b e r s / c m 3 ) ,
m o r t a l i t y f r o m chronic r e s p i r a t o r y d i s e a s e s was 1.8 t imes that e x p e c t e d .

Exposure t o S i n g l e T y p e s o f A s b e s t o s . H o b b s e t a l . ( 1 9 8 0 ) s t u d i e d
7,000 e m p l o y e e s e xpo s ed to c r o c i d o l i t e mined at W i t t e n o o m Gorge in
W e s t e r n A u s t r a l i a between 1938 and 1966. Of 198 pneumoconio s i s case s , 59were a s b e s t o s i s , 122 s i l i c o a s b e s t o s i s , and 17 were s i l i c o s i s . T h e yr e p o r t e d an overall incidence rate of 3.5% for pneumoconios i s a long withevidence for increased inc idence among those with heavy exposure andthose with a longer durat ion of- employment. Among those heavily exposedand e m p l o y e d at l ea s t 5 years, the incidence rate was 65%.

M o r t a l i t y among workers m a n u f a c t u r i n g amos i t e a sb e s t o s i n s u l a t i o n
between 1941 and 1945 was reported by S e l i k o f f et £l. ( 1 9 7 2 ) and Se idman

1
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et al. (1977, 1979). Of 528 d e a t h s observed over 35 years in a cohort of
320 men, a p p r o x i m a t e l y 5.6Z were due to a s b e s t o s i s .

In the p a s t , a n t h o p h y l l i t e a sbe s to s was c ommerc ia l ly mined andproce s s ed in areas of F i n l a n d a l s o known to contain some c h r y s o t i l e andt r e m o l i t e a s b e s t o s . Meurman e t a_l. ( 1 9 7 4 ) r e p o r t e d that m o r t a l i t y f r o m
a s b e s t o s i s was 5.2Z in a group of 1,092 F i n n i s h miners s t u d i e d f r o m 1936to 1974 and that the m o r t a l i t y rate was s imi lar between smokers and
nonsmokers.

S e v e r a l s t u d i e s have been conduc t ed on Quebec c h r y s o t i l e miners and
m i l l e r s . The most recent report on th i s cohort inc luded observations of10,939 men e m p l o y e d 9 or more months between 1926 and 1975 ( M c D o n a l d eta l . , 1980). T h e y f o u n d 42 d e a t h s , or 1.3Z of t o t a l d e a t h s , to bea t t r i b u t a b l e to a s b e s t o s i s . N i c h o l s o n e£ a^. ( 1 9 7 9 ) s t u d i e d a s m a l l e rcohort of 544 Quebec miners and m i l l e r s with a least 20 years ofs e n i o r i t y and f o l l o w e d them between 1962 and 1977. T h i r t y n o n i n f e c t i o u s ,n o n m a l i g n a n t r e s p i r a t o r y d i s e a s e d e a t h s were observed, whereas 6.7 hadbeen e x p e c t e d .

D e a t h s f r o m a s b e s t o s i s have been r e p o r t e d to occur in cohort s e xpo s edto c h r y s o t i l e in m a n u f a c t u r i n g p l a n t s . For e x a m p l e , Robinson et al.( 1 9 7 9 ) , who s t u d i e d workers in a p l a n t that used 99% c h r y s o t i l e and 12
c r o c i d o l i t e and a m o s i t e , r e p o r t e d 76 d e a t h s f r o m n o n i n f e c t i o u s ,
nonmal ignant r e s p i r a t o r y d i s e a s e s among m a l e s , whereas 16.4 had beene x p e c t e d .

Dement e t al . ( 1 9 8 3 b ) r e p o r t e d m o r t a l i t y and a s s e s s ed d o s e - r e s p o n s e
for a s b e s t o s i s in a cohort of a s b e s t o s t e x t i l e workers expo s ed only toc h r y s o t i l e . T h e y found that 17 ( 5 . 5 2 ) of 308 d e a t h s were due toa s b e s t o s i s or pulmonary f i b r o s i s . A l inear r e l a t i o n s h i p was d e m o n s t r a t e dbetween c u m u l a t i v e f i b e r do s e and the risk o f m o r t a l i t y f or n o n i n f e c t i o u sr e s p i r a t o r y di s ease . A l t h o u g h Dement and c o l l e a g u e s reported a muchs t e e p e r s l o p e , their f i n d i n g s are not inconsi s tent with those of M c D o n a l det al. ( 1 9 8 0 ) , who r epor t ed a no t h r e s h o l d , l inear dose-re sponser e l a t i o n s h i p between a s b e s t o s i s and dose s o f du s t conta ining c h r y s o t i l e .

M o r b i d i t y S t u d i e s
M o r b i d i t y s t u d i e s have e s t a b l i s h e d that al l asbes tos f i b e r t y p e s area s s o c ia t ed w i th a s b e s t o s i s , a s b e s t o s - induc ed p l a q u e s , d i f f u s e p l e u r a lt h i ck en ing , and p l e u r a l c a l c i f i c a t i o n . Because of the m e t h o d o l o g i c a ld i f f e r e n c e s described above, it is d i f f i c u l t to compare these s t ud i e s. d i r e c t l y with each other or with m o r t a l i t y s t u d i e s in regard todose-response. N o n e t h e l e s s , the various s t u d i e s are quite cons i s t entwith regard to m a j o r h e a l t h e f f e c t s r e p o r t e d , whether ascertained bychest radiography, questionnaire on r e sp ira tory d i f f i c u l t i e s , orpulmonary f u n c t i o n eva luat ion. A p p e n d i x E, T a b l e E-2 summarizesm o r b i d i t y s t u d i e s o f a s b e s t o s - expo s ed p o p u l a t i o n s .
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M i x e d F i b e r Exposure . Early cro s s - s e c t i onal s t u d i e s o f a s b e s t o sworkers, which r e l i e d on chest r a d i o g r a p h y , d e m o n s t r a t e d a prevalence of

pu lmonary f i b r e s i s as high as 80Z among those e xpo s ed for 20 years orlonger ( D o n n e l l y , 1936; Dreessen e_t aK, 1938; Merewe ther and Pri c e ,
1930; S h u l l , 1936). More recent s t u d i e s have c o n f i r m e d the general
o b s e r v a t i o n s o f th e s e e a r l y i n v e s t i g a t o r s , a l t h o u g h d i s e a s e prevalence
has varied f r o m i n d u s t r y to i n d u s t r y . S e l i k o f f and h i s c o l l e a g u e s
s t u d i e d i n s u l a t i o n workers e xpo s ed to c h r y s o t i l e and amosi te . T h e yr e p o r t e d an overal l p r e v a l e n c e of 50Z wi th s m a l l i r r e g u l a r o p a c i t i e s and
a 902 prevalence among those with more than 30 years of exposure( S e l i k o f f , 1965; S e l i k o f f e £ a l . , 1 9 6 5 ) . P l e u r a l f i b r o s i s w a s observed
in r o u g h l y t w o - t h i r d s of those examined 40 years a f t e r f i r s t exposure .
E l a p s e d time f r o m f i r s t expo sure wa s s i m i l a r l y f o u n d t o c o r r e l a t e w i t h
p l e u r a l c a l c i f i c a t i o n , which occurred in 502 of tho s e examined 40 years
or more a f t e r th e i r f i r s t o c c u p a t i o n a l e xpo sur e . M u r p h y e£ j » l . ( 1 9 7 1 ,
1 9 7 8 ) s t u d i e d i n s u l a t i o n workers in s h i p y a r d s and, us ing a more
r e s t r i c t i v e d e f i n i t i o n f o r a s b e s t o s i s , r e p o r t e d a n 1 1 - f o l d p r e v a l e n c e
compared to a g e - m a t c h e d , unexposed c o n t r o l s .

A s b e s t o s t e x t i l e p l a n t expo sure s have been s t u d i e d by Lewinsohn et
aK ( 1 9 7 2 ) , Berry e j t al^. ( 1 9 7 9 ) , and B a s e l g a - M o n t e and S e g a r r a ( 1 9 7 8 ) .
D a t a f r o m t h i s t y p e o f p l a n t f o r m e d t h e b a s i s f o r t h e B r i t i s h
O c c u p a t i o n a l H y g i e n e S o c i e t y ( B O H S ) ( 1 9 6 8 ) recommendat ion that w a s used
t o e s t a b l i s h o c c u p a t i o n a l expo sure s t a n d a r d s . T h e i n i t i a l B O H S a n a l y s i s
revealed t h a t there was r a d i o g r a p h i c evidence o f a s b e s t o s i s ^ for 2.7Z
of the 290 workers e x p o s e d to a s b e s t o s ( c h r y s o t i l e w i th some c r o c i d o l i t e )
a f t e r 1933, when d u s t control had been i m p l e m e n t e d . A risk of 12 for a
worker d e v e l o p i n g basa l ra l e s wa s e s t i m a t e d t o r e su l t f r o m exposure f or
50 years at an e s t i m a t e d average e x p o s u r e of 2. f i b e r s / c m ^ as measured
by a s tandard membrane f i l t e r method ( f i b e r s longer than 5 p m ) , or a
c u m u l a t i v e e xpo sur e o f a p p r o x i m a t e l y 10 ( f i b e r s / c m 3 ) y r . The BOHS
e s t i m a t e o f risk i s t h e bas i s f o r o c c u p a t i o n a l s t a n d a r d s f o r a s b e s t o s
e xpo sur e in the U n i t e d K i n g d o m , the U n i t e d S t a t e s , and several o ther
countr i e s . P r e c i s e c r i t e r i a for r a d i o g r a p h i c a s s e s sment were not g iven,
and subsequent s t u d i e s have revealed more d i s e a s e in t h i s p o p u l a t i o n . In
a l a t e r a n a l y s i s of these d a t a , Berry et al. ( 1 9 7 9 ) e s t i m a t e d apreva l enc e of 1Z for c r e p i t a t i o n s at a cumula t iv e dose of
43 ( f i b e r s / c m 3 ) y r . For p o s s i b l e and c e r t i f i e d a s b e s t o s i s , 1Zp r e v a l e n c e s were e s t i m a t e d to occur at c u m u l a t i v e do s e s of 55 and 72( f i b e r s / c m 3 ) y r , r e s p e c t i v e l y .

T h i s same p l a n t was l a t e r s t u d i e d c r o s s - s e c t i o n a l l y by Lewinsohn
( 1 9 7 2 ) , who r e p o r t e d a much higher p r e v a l e n c e of "pulmonary f i b r o s i s " andp l e u r a l th i ckening. Berry et al. ( 1 9 7 9 ) s u b s e q u e n t l y r e s t u d i e d 379 men

^ R a d i o l o g i c a l changes c on s id er ed s i g n i f i c a n t i n c l u d e d increased
general o p a c i t y of the lower l o b e s , b l u r r i n g of the cardiac o u t l i n e ,p l e u r a l t h i c k e n i n g , a n d adhe s i on s ( B r i t i s h O c c u p a t i o n a l H y g i e n e S o c i e t y ,1968).
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working at t h i s same t e x t i l e f a c t o r y for at l e a s t 10 years. The mostr e l i a b l e d a t a were j u d g e d to be those ob ta ined for men e m p l o y e d a f t e r1950; 6.62 of these were believed to have " p o s s i b l e a s b e s t o s i s "9 a f t e ran average f o l l o w - u p of 16 years and an average exposure of 5 f i b e r / c m ^as a s s e s s ed by s t a t i c area d u s t s a m p l e s . As exposure in cr ea s ed , therewas a d e c l i n e in p u l m o n a r y f u n c t i o n , as measured by s p i r o m e t r i ct e chnique s such as f o r c e d e x p i r a t o r y volume and f o r c e d v i t a l c a p a c i t y .
N o n s m o k e r s and l i g h t smokers had l e s s c r e p i t a t i o n s , a s b e s t o s i s , and s m a l l
o p a c i t i e s than did heavier smokers with s imi lar exposure. On the basis
of these d a t a , Berry and c o l l e a g u e s e s t i m a t e d that " p o s s i b l e a s b e s t o s i s "
would r e s u l t in no more than 12 of men a f t e r 40 years of e xpo sure to
c o n c e n t r a t i o n s ranging f r o m 0.3 to 1.1 f i b e r s / c m ^ . F u r t h e r m o r e , t h ey
noted that c on t inued f o l l o w - u p was i n d i c a t e d in order to r e f i n e the
e s t i m a t e s .

B a s e l g a - M o n t e a n d S e g a r r a ( 1 9 7 8 ) s t u d i e d 1 , 2 6 2 Barce lona f a c t o r y
workers e x p o s e d to m i x e d - f i b e r a s b e s t o s and e s t a b l i s h e d a r e l a t i o n s h i p
be tween i n d i v i d u a l risk and c u m u l a t i v e dose ( f i b e r s / c n j 3 ) y r , based onr a d i o g r a p h i c f i n d i n g s only. T h e y e s t i m a t e d a t h r e s h o l d l i m i t value ( T L V )
of 0.07 or 0.10 f i b e r s / c m ^ for a 12 or 52 inc idence of a s b e s t o s i s for a
50-year work exposure.

W e i l l a n d c o l l e a g u e s ( 1 9 7 3 , 1 9 7 5 ) c o r r e l a t e d r a d i o g r a p h i c change s a n d
lung f u n c t i o n w i t h e xpo sur e among 859 U . S . a sbe s to s-cement workers.C u m u l a t i v e du s t e x p o s u r e s were e s t i m a t e d but were e x p r e s s e d as m p p c f - y r .
Both rounded and i rr egu lar o p a c i t i e s were observed, and there was a 42
p r e v a l e n c e o f s m a l l o p a c i t i e s ( r e f l e c t i n g a mixed du s t e x p o s u r e ) a t l e s s
than 50 m p p c f - y r . Preva l enc e increased to 302 at e xpo sur e s g r e a t e r than
400 m p p c f - y r . An 112 p r e v a l e n c e of p l e u r a l a b n o r m a l i t i e s was observed
among those in the l owe s t e xpo sur e c a t e g o r y . Lung volumes d e c r e a s e d in
r e l a t i o n t o increa s ing c u m u l a t i v e d u s t e x p o s u r e , b u t p u l m o n a r y d i f f u s i n g
c a p a c i t y was not r e l a t e d to dose ( W e i l l £t a_l •» 1975).

F i n k e l s t e i n ( 1 9 8 2 ) r e c e n t l y r e p o r t e d a s b e s t o s i s inc idenc e ra t e s in a
cohort of 157 C a n a d i a n asbe s to s-cement workers e x p o s e d to both c h r y s o t i l ea n d c r o c i d o l i t e . C r i t e r i a f o r c e r t i f i c a t i o n o f a s b e s t o s i s were s i m i l a rto tho s e r epor t ed by Berry ejt â ., ( 1 9 7 9 ) and were based on the f i n d i n g sof a pneumoconios i s m e d i c a l p a n e l . F i n k e l s t e i n f o u n d an average ov era l l
inc idence rate of 0.72, 1.62, and 2.42 for 0-49, 50-99, and 100-149c u m u l a t i v e ( f i b e r s / c n > 3 ) y r , r e s p e c t i v e l y .

P r o g r e s s i o n o f r a d i o g r a p h i c a b n o r m a l i t i e s and lung f u n c t i o n change shave been r epor t ed by J o n e s et al. ( 1 9 8 0 a ) and G r e g o r et al. ( 1 9 7 9 ) .J o n e s and coworkers s t u d i e d p r o g r e s s i o n among 204 asbe s to s-cement workers
9 T h e d e t e r m i n a t i o n of " p o s s i b l e a s b e s t o s i s " was based on basal r a l e s ,r a d i o l o g i c a l changes o f varying d e g r e e , a f a l l i n g ga s t r a n s f e r f a c t o r ,and r e s t r i c t iv e lung f u n c t i o n changes.
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between 1970 and 1976. T h e y c o n c l u d e d tha t p r o g r e s s i o n ( incr ea s ed
p r o f u s i o n of small o p a c i t i e s ) d e p e n d e d on both average and cumulat ivee x p o s u r e , that d e c l i n e in lung f u n c t i o n was r e l a t e d to both amount smoked
and c u m u l a t i v e e xpo sur e , and that p l e u r a l changes p r o g r e s s e d as af u n c t i o n of time f r o m f i r s t exposure. Gregor <et al_. ( 1 9 7 9 ) s t u d i e d a
v a r i e t y o f a s b e s t o s workers r e f e r r e d t o t h e B r o m p t o n H o s p i t a l f r o m t h e
B r i t i s h Pneumocon io s i s P a n e l . T h e y d o c u m e n t e d a p r o g r e s s i o n inr a d i o g r a p h i c f i n d i n g s wi thout f u r t h e r a sbe s to s exposure.

T h e r e l a t i o n s h i p between l u n g f u n c t i o n a n d r a d i o g r a p h i c f i n d i n g s
a s s o c i a t e d wi th a s b e s t o s exposure was f u r t h e r s t u d i e d by Lumley ( 1 9 7 7 ) ,
who r e p o r t e d h i g h l y s i g n i f i c a n t d e c r e a s e s in l u n g f u n c t i o n w i t h p u l m o n a r y
f i b r o s i s and d i f f u s e p l e u r a l t h i c k e n i n g , somewhat l e s s o f a d e c r ea s e when
there were only p l a q u e s , and no d i f f e r e n c e i f only p l eura l c a l c i f i c a t i o n
was p r e s e n t .

E p i d e m i o l o g i c a l and c l i n i c a l evidence of a s b e s t o s - r e l a t e d d i s ea s e has
been f o u n d in s t u d i e s of workers in some m a j o r i n d u s t r i e s not o r i g i n a l l y
a s s o c i a t e d w i t h a s b e s t o s expo sure . F o r e x a m p l e , i n r e c e n t l y r e p o r t e d
s t u d i e s o f a s b e s t o s - r e l a t e d d i s ea s e in th e U n i t e d S t a t e s , i n v e s t i g a t o r s
have d o c u m e n t e d t h a t c h a r a c t e r i s t i c r a d i o g r a p h i c a b n o r m a l i t i e s have been
f o u n d among chemical p l a n t main t enance workers, o i l r e f i n e r y workers,brake workers, and ra i l road workers e m p l o y e d b e f o r e 1950 dur ing the s t eam
l o c o m o t i v e era ( L i l i s e j t a_l., 1980; Loriraer e_t a_l., 1976; S e p u l v e d a and
M e r c h a n t , 1983).

A n t h o p h y l l i t e a n d T r e m o l i t e . I n several s t u d i e s o f F i n n i s h
a n t h o p h y l l i t e miner s , i n v e s t i g a t o r s have observed increas ed r e s p i r a t o r y
symptoms and increased pr eva l enc e of p l e u r a l p l a q u e s (6.52-9.0% vs. 0.1%
f o r t h e F i n n i s h p o p u l a t i o n ) ( K i l v i l u o t o , 1960; Meurman, 1968; Meurman e t
a l . , 1 9 7 A ) . I n u p p e r N e w Y o r k S t a t e , workers e x p o s e d t o t a l c d e p o s i t sc on ta in ing both a n t h o p h y l l i t e and t r e m o l i t e a s b e s t o s have been s t u d i e d by
several i n v e s t i g a t o r s . G a m b l e £ t a l . ( 1 9 7 9 a ) , r e p o r t e d increased
r e s p i r a t o r y s y m p t o m s , p u l m o n a r y f i b r o s i s , and d e cr ea s ed l u n g f u n c t i o n ine x p o s e d workers. T h e y a l s o noted a marked a s s o c i a t i on between p l e u r a l
t h i c k e n i n g and de cr ea s ed l u n g f u n c t i o n , s i m i l a r to that r e p o r t e d by
Luraley ( 1 9 7 7 ) among B r i t i s h s h i p y a r d workers. Dement and Z u m w a l d e ( 1 9 7 9 )reported that f i b e r exposure in those mining and m i l l i n g o p e r a t i o n s
ranged f r o m 0.8 to 16.0 f i b e r s / c m ^ , of which 12% to 192 was i d e n t i f i e d
as t r e m o l i t e and 30% to 45% as a n t h o p h y l l i t e . 1 0

A n o t h e r t r e m o l i t e e xpo sure r e s u l t i n g in a r e l a t i v e l y low p r e v a l e n c eof r a d i o g r a p h i c a b n o r m a l i t i e s was r e c e n t l y r e p o r t e d by Lockey et al.( 1 9 8 3 ) . Among f a c t o r y workers pro c e s s ing t r e m o l i t e - c o n t a m i n a t e dv e r m i c u l i t e mined in M o n t a n a , 4.4% were f o u n d to have some r a d i o g r a p h i c
abnormal i ty .

a l l o f t h e f i b e r s counted were n e c e s s a r i l y a s b e s t i f o r m f i b e r s .
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C h r y s o t i l e . The most ex t en s ive m o r b i d i t y s t u d i e s o f c h r y s o t i l eexposure have been conduc t ed in Quebec miners and m i l l e r s ( B e c k l a k e et£l . , 1972; M c D o n a l d e£ aK, 1972, 1974). In the s e s t u d i e s , 1,015 current

e m p l o y e e s were s t u d i e d r a d i o g r a p h i c a l l y , p h y s i o l o g i c a l l y , and by B r i t i s h
M e d i c a l Research Council s t a n d a r d i z e d ques t ionnaire . R e s p i r a t o r ysymptoms were a s s o c i a t e d w i th d u s t H e x p o s u r e , and the preval ence ofb r o n c h i t i s reached SOZ in the h i g h e s t du s t e xpo sure category. Dyspneaupon e x er t i on was a l s o f o u n d to be a s s o c i a t e d wi th dus t e x p o s u r e , but not
w i t h smoking, and the pr eva l enc e rose to 40% among those w i t h ac u m u l a t i v e dus t exposure of 800 m p p c f - y r . The preval ence of tho s e wi thsmal l i r r e g u l a r o p a c i t i e s ( > 1 / 0 I L O / U C 1971 C l a s s i f i c a t i o n ) d i f f e r e d
between the two mines s t u d i e d (1.8% at the T h e t f o r d mine and 6.4% at the
A s b e s t o s m i n e ) , but rose to 26.41 and 10.9%, r e s p e c t i v e l y , among tho s e
e x p o s e d to more than 800 m p p c f - y r . T h o s e w i th s i g n i f i c a n t r a d i o g r a p h i c
evidence o f a s b e s t o s i s ( I L O c a t e g o r y 2 / 1 o r g r e a t e r ) h a d s i g n i f i c a n t l y
lower value s f o r a l l lung f u n c t i o n p a r a m e t e r s s t u d i e d . Lung f u n c t i o na l s o d e t e r i o r a t e d more as c u m u l a t i v e dose increased ( M c D o n a l d e t a l . ,
1972).

R a d i o g r a p h i c f i n d i n g s among c h r y s o t i l e workers were a l s o d e m o n s t r a t e d
to p r o g r e s s wi thout f u r t h e r e xpo sure . Rubino e t a l . ( 1 9 7 9 b ) r e p o r t e d
that there was p r o g r e s s i o n wi thou t a d d i t i o n a l exposure among 392 of
r e t i r ed a s b e s t o s miners and m i l l e r s w i th 1 /0 p r o f u s i o n r a d i o g r a p h s .
B e c k l a k e e t a l . ( 1 9 7 9 ) made s i m i l a r o b s e r v a t i o n s , bu t they a l s o f o u n dthat t h o s e who p r o g r e s s e d were l i k e l y to have had higher e xpo sur e s to
a sb e s t o s .

Summary
M o r b i d i t y s t u d i e s o f o c c u p a t i o n a l l y e x p o s e d a s b e s t o s workers have

documented that a s b e s t o s i s , d i f f u s e p l e u r a l t h i c k e n i n g , p l e u r a l p l a q u e s ,d y s p n e a , and a l t e r e d pu lmonary f u n c t i o n are a s s o c i a t e d wi th a l l t y p e s o f
expo sure to a sb e s t o s . G e n e r a l l y , pr eva l enc e of these ind i c e s i s loweramong tho s e who mine and m i l l a s b e s t o s -b ear ing ore than among tho s e whos u b s e q u e n t l y produc e or u s e a s b e s t o s p r o d u c t s . M o r b i d i t y d a t a s u p p o r tthe concept of a l inear cumula t ive do s e-r e spons e r e l a t i o n s h i p .

E s t i m a t e s based on m i x e d - f i b e r e x p o s u r e s s u g g e s t that a 1% risk ofd e v e l o p i n g a s b e s t o s i s ( d i f f e r i n g d e f i n i t i o n s ) over a 40- to 50-year workexpo sure occurs when expo sure s are somewhere between 0.07 f i b e r / c m ^ and1.1 f i b e r / c m ^ . Because of the n o n s p e c i f i c i t y in d i s e a s e d e f i n i t i o n andthe lack of d a t a at very low d o s e s , it is not c l e a r whether there is at h r e s h o l d of exposure for a s b e s t o s i s . D a t a do s u g g e s t , however, that any
incidence rate for a s b e s t o s i s at the very low expo sure s n o r m a l l y . f o u n d inthe n o n o c c u p a t i o n a l environment would be qui te low.

^Miners and m i l l e r s are e xpo s ed to d u s t o ther than j u s t a s b e s t o s .
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F i b r o u s g l a s s has some of the same p h y s i c a l p r o p e r t i e s a s a s b e s t o s .
F o r e x a m p l e , f i n e g l a s s f i b e r s a r e r e s p i r a b l e a n d e xh ib i t f l e x i b i l i t y a n d
d i a m e t e r - d e p e n d e n t s t r e n g t h . H o w e v e r , f i b r o u s g l a s s may be l e s s d u r a b l e
than a s b e s t o s in b i o l o g i c a l t i s s u e s and a p p a r e n t l y behaves d i f f e r e n t l y in
some b i o l o g i c a l t e s t s y s t e m s ( s e e C h a p t e r 6 ) . E p i d e m i o l o g i c a l s t u d i e s
have been c o n d u c t e d to de t ermine i f adver s e h e a l t h e f f e c t s occur in
workers e x p o s e d t o man-made minera l f i b e r s . The m a j o r s t u d i e s ar e
reviewed be low.

M o r b i d i t y
I n 1976, a c o m m i t t e e o f t h e A m e r i c a n C o l l e g e o f C h e s t P h y s i c i a n s

e v a l u a t e d p u l m o n a r y r e s p o n s e t o f i b e r g l a s s d u s t ( G r o s s e £ a_l_., 1 9 7 6 ) . I t
c o n c l u d e d , " T h e r e i s no ev id enc e to i n d i c a t e t h a t i n h a l i n g f i b e r g l a s s i s
a s s o c i a t e d w i t h e i t h e r permanent r e s p i r a t o r y impairment or
c a r c i n o g e n e s i s ; however, the f i n a l v e r d i c t a s far as the l a t t e r i s
concerned must await th e f i n d i n g s o f l o n g - t e r m m o r t a l i t y s tud i e s . " In a
review a r t i c l e o n t h e h e a l t h e f f e c t s o f man-made mineral f i b e r s , G r o s s
( 1 9 8 2 ) c o n c l u d e d tha t "exposure has not caused an increased risk of
d e v e l o p i n g l u n g cancer or non-mal ignant r e s p i r a t o r y di sease ."

In T a b l e 5-5, 10 cro s s- s ec t ional s t u d i e s of pulmonary f u n c t i o n and
d i s e a s e among workers e x p o s e d to f i b r o u s g l a s s or rock wool are
summarized. In g e n e r a l , t h e s e s t u d i e s were d e s c r i p t i v e and d id no t
permi t a r i g o r o u s c o m p a r i s o n o f p u l m o n a r y s t a t u s between e x p o s e d and
n o n e x p o s e d p e r s o n s . Because o n l y th e p r e v a l e n c e o f p u l m o n a r y d i s e a s e in
current workers c o u l d be a s s e s s e d , it was not p o s s i b l e to measure the
rate o f occurrence ( i n c i d e n c e ) o f t h e d e v e l o p m e n t o f p u l m o n a r y d i s e a s e .
A l t h o u g h no e v i d e n c e o f p u l m o n a r y a b n o r m a l i t i e s among workers e x p o s e d to
MMMF was f o u n d in the e a r l y s t u d i e s , several recent s t u d i e s s u g g e s t an
increa s ed p r e v a l e n c e o f minimal s m a l l l u n g o p a c i t i e s among workerse x p o s e d f o r l o n g e r p e r i o d s .

T h e s e s t u d i e s p r o v i d e d only l i m i t e d i n f o r m a t i o n o n t h e l ev e l o f
e x p o s u r e t o man-made mineral f i b e r s . In s t u d i e s p u b l i s h e d b e f o r e 1980,
e x p o s u r e was main ly ca t egor iz ed as l i g h t , medium, or heavy. The f a c t
t h a t no a s s o c i a t i o n s were f o u n d between l ev e l of e x p o s u r e and p r e v a l e n c eo f d i s e a s e c o u l d r e f l e c t i m p r e c i s e measurement s o f e xpo sure o r c ou ld
i n d i c a t e that there i s no e f f e c t f r o m the exposure. In the s t u d i e s
p u b l i s h e d since 1980, e xpo sur e has g e n e r a l l y been given as the number off i b e r s / c m 3 . In g e n e r a l , average e x p o s u r e l i e s be tween 0.1 and 1.0
r e s p i r a b l e f i b e r s / c m ' . A n o t h e r f a c t o r p r o b a b l y r e l a t e d t op a t h o g e n i c i t y i s f i b e r d i a m e t e r , which i s d e s c r i b e d as ord inary (>3 u r n ) ,

^Man-made mineral f i b e r s ( M M M F ) a r e s omet ime s c a l l e d man-made v i t r eou sf i b e r s ( M M V F ) .
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T A B U 5-5. T T u m m i r j o f Cro**-Sect ional M o r b i d i t y S t u d i e s o fPopulat ion* Exposed to Man-Hid* Miner* 1 Fiber*

T y p e o f F i b e r S t u d y P o p u l a t i o n S>im»*ry o f I m p o r t a n t F i n d i n g * Beference i
Bock and s l a gwool
Fibrou s g l a s s

84 worker* wi th 7-29 year*of exposure.
1,389 produc t ion worker*.1,176 bad 10 or acre year*

in produc t i on .
F i b r o u * g l a a a 232 p r o d u c t i o n worker*.

F i b r o u * gl***

F i b r o u i g l a s i

F i b r o u t g laa*

Fibrou* g l a s i

Rock wool

Bock wool

F i b r o u * gla**

2,028 p r o d u c t i o n worker*who bad worked anaverage of 16 year*.
70 f i b r o u s gla** worker*;70 control*.
667 p r o d u c t i o n worker*who had worked an aver-age of 13 year*.

340 p r o d u c t i o n worker* ofwhoa 81Z had worked•ore than 10 year*.

162 p r o d u c t i o n worker*with an average of 12year* of work.
21 p r o d u c t i o n worker* whohad worked «ore than 10year* and 43 control*.
1,028 p r o d u c t i o n worker*who had worked anaverage of 19 year*.

"Bo x-ray evidence of *ilico*i* orf i b r e* i* of the lung*."
"Mo unu*ual pa t t e rn of radio logicden i i t i e* we* observed."

Ho "evidence that would suppor ta h y p o t h e t i c that thoae withd u s t y job* were le** h** l thythan tbo*e w i t h minimal duatexposure."
Prevalence of pulmonary abnormali-tie* s imilar in o f f i c e worker*and p r o d u c t i o n worker*.
Ito evidence of any r e s p i r a t o r yhazard due to glaa* f i bre ."
Baied on m u t a b l e d a t a , the pre-valence of pharyngeal- laryn-g i t i i wai higher in persons whohad worked at l eai t 5 year*.
Prevalence o f email o p a c i t i e *great er in men who had workedmore than IS year* in compari-son to tho*e who had workedle»* (39X v*. 9 Z ) .
Pulmonary f u n c t i o n te*t value*lei* than expe c t ed normalvalue*.
"Mo evidence of pulmonarydi**a*e...in the group ofMOff worker* .tudied."

Prevalence of *mall opaci-tie* we* r e la t ed to age,•moking, email diameterf i b e r expo iure , and insmokers, varioui quant i ta t iv emeaaurei of expoiure do*e.

Carpent er and S p o l y a r ,
1945

H r i g h t , 1968

D t i d j i a n and d e T r e n v i l l e ,1970

Masr et aJL., 1971

Bill *£•!.. 1973

M a g g i o r i et a l . , 1980

H i l l e t a l . , 1982

S k u r i c a n d S t a h y l j a k -
B o r i t i c , 1982

Malmberg e£ «1., 1982

W e i l l e t . a K , 1982
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f i n e (1 to 3 y m ) , or very f i n e (<1 y m ) . Only in the s t u d y by W e i l l e t
a l . ( 1 9 8 2 ) i s there i n f o r m a t i o n on f i b e r d iame t e r .

W e i l l £££_!.. ( 1 9 8 2 ) r e p o r t e d tha t t h e p r e v a l e n c e o f smal l o p a c i t i e s
in e x p o s e d workers was l ow , increa s ed w i t h age and s m o k i n g , and was f o u n d
p r e d o m i n a n t l y in the o r d i n a r y / f i n e f i b e r (1 to 3 ym in d i a m e t e r )
c a t e g o r y . I n a d d i t i o n , r i sk o f s m a l l o p a c i t i e s w a s c o r r e l a t e d w i t h
several q u a n t i t a t i v e e xpo sur e e s t i m a t e s among current smokers. H o w e v e r ,
r e s p i r a t o r y s y m p t o m s and p u l m o n a r y f u n c t i o n were no t a s s o c i a t e d w i t h
e x p o s u r e t o man-made mineral f i b e r s .

M o r t a l i t y
T a b l e 5 - 6 summarize s t h e r e s u l t s o f seven r e t r o s p e c t i v e m o r t a l i t y

f o l l o w - u p s t u d i e s among workers e x p o s e d t o M H M F . I n the s e s t u d i e s , t h e
m o r t a l i t y e x p e r i e n c e o f p e r s o n s e x p o s e d to MMMF was compared to t ha t o f a
genera l p o p u l a t i o n in the c oun try where the s t u d y was done , u s u a l l y the
U n i t e d S t a t e s . I n c o m p u t i n g t h e e x p e c t e d numbers o f d e a t h s , t h e
i n v e s t i g a t o r s t ook in to account a g e , s ex , e t h n i c g r o u p , and c a l e n d a r time.

In g e n e r a l , no l a r g e e x c e s s e s of r e s p i r a t o r y cancer or nonmal ignant
r e s p i r a t o r y d i s e a s e were observed in the entire s t u d y group. However ,
some ex c e s s e s were f o u n d upon examinat i on of s u b g r o u p s w i th in each
cohor t . Because the s u b g r o u p s were f o r m e d d u r i n g the p r o c e s s o f
a n a l y z i n g t h e d a t a , t h e c h a r a c t e r i s t i c s o f t h e s u b g r o u p s d i f f e r among t h eseveral s t u d i e s . A l s o , the observed excesses were s m a l l , and the
c a t e g o r i e s o f causes o f d e a t h were not c o n s i s t e n t among the s t u d i e s .
I h e s e e x c e s s e s are summarized b e l o w , by s t u d y .

B a y l i s s e t a l . ( 1 9 7 6 ) . W h e n f o l l o w - u p s t a r t e d 10 years a f t e r onset
of e m p l o y m e n t and i n f l u e n z a and pneumonia were not i n c l u d e d in the
m o r t a l i t y a t t r i b u t e d t o nonmal ignant r e s p i r a t o r y d i s e a s e ( N M R D ) , therewere 19 d e a t h s observed and 9.5 e x p e c t e d .

Morgan et al. ( 1 9 8 1 ) . Among men who worked and were exposed at l e a s t
20 years and who were f o l l o w e d b eg inning at l e a s t 30 years a f t e r onset ofe m p l o y m e n t , the o b s e r v e d / e x p e c t e d numbers were: lung cancer, 1 4 / 1 1 . 8 ;
nonmal ignant r e s p i r a t o r y d i s e a s e , 5 / 8 . 1 .

E n t e r l i n e and Marsh ( 1 9 8 2 ) . Among the f i b r o u s g l a s s workers, 129
d e a t h s f r o m NMRD were observed and 99.5 d e a t h s were e x p e c t e d ; d e a t h s f r o m
i n f l u e n z a and pneumonia were not i n c l u d e d in th e s e f i g u r e s . T h e r e was nor e l a t i o n s h i p between l e n g t h o f expo sure t o f i b r o u s g l a s s and excessm o r t a l i t y or between cumula t ive exposure and exces s m o r t a l i t y . However ,
among those f o l l o w e d 30 or more years a f t e r onset of e m p l o y m e n t , therewere 47 lung cancers observed and 36.0 e x p e c t e d .

Among men e x p o s e d to mineral w o o l , there was no c l ear r e l a t i o n s h i p
between the exce s s l u n g cancer or NMRD and l e n g t h of work or time since
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T A B L E 5-6. Summary o f M o r t a l i t y F o l l o v - U p S t u d i c * o f P o p u l a t i o n !
Expo s ed to Man-Made M i n e r a l Fiber*

T y p e o f F i b e r S t u d y P o p u l a t i o n
F i b r o u * (la**

F i b r o u i g l a s s

F i b r o u i gla**

F i b r o u * (la**and rock vool

F i b r o u * g l a * * ,rock w o o l ,•nd * l a g
wool

416 U.S. men who r e t i r ed
betveen 1945 and 1972f r o m * ix p l a n t * that
•ade f i b r o u * g l a i s
i o i u l a c i o o .

1,446 U.S. men who workedat l e a i t 5 year* in
f i b r o u * |la«* p r o d u c -
t i on between 1949 and
1972.

S u M t a r y o f I m p o r t a n t F i n d i n g * ( 0 / E ) * Ref e r enc e*
A l l ceuie*; 1 1 1 / 1 3 1 ; a l lcancer*: 2 0 / 2 4 ; lung cancer:5 / 6 ; K M B D : 9 / 9 .

A l l cau«e*: 3 7 6 / 4 0 4 ; a l lcancer*: 5 4 / 6 4 ; r e s p i r a t o r y
cancer: 1 6 / 2 0 ; N K R D : 2 5 / 2 0 .

4,399 U . S . m e n w h o worked A l l cau t e i: 2 8 9 / 3 4 0 ; a l ll e a a t 10 year* in f i b r o u * cancer*: 7 6 / 7 4 ; r e s p i r a t o r ygla** p r o d u c t i o n and wbo cancer: 3 9 / 2 9 ; NMRD: 14/19.were e m p l o y e d at sometime between 1968 and
1977.

E n t e r l i n e and Bender»on,
1975

B a y l i i * e£ aK, 1976

Morgan e_t aK, 1982

2 , 5 7 6 C a n a d i a n men whoworked at l e a a t 90 day*
in f i b r o u * gla** proouc-
t ion between 1955 and1977.

16,730 U.S. nen whoworked at l e a i t 1 yearin i n s u l a t i o n produc-
t ion be tween 1945 and1963.

A l l cau*e*: 8 8 / 1 1 3 ; a l lcancer*: 2 0 / 2 0 ; l u n g cancer:9 / 5 ; K M W > : 4 / 5 .

F i b r o u s gla**A l l cauae*: 3 , 2 6 2 / 3 , 3 9 1 ; a l l
cancer*: 6 1 2 / 6 3 5 ; r e s p i r a t o r y
cancer: 2 0 2 / 2 0 3 ; N M R C : 1 8 6 / 1 7 6

Shannon et a l . , 1982

E n t e r l i n e and H a r s h , 1982

F i b r o u * g l a s sand rockwool

Rock wooland a l a g wool

17,083 European aeo whoever worked in m i n e r a l
wool p r o d u c t i o n and whowere f o l l o w e d at leaat20 year*.

596 U.S. men who hadworked at l e a s t 1 yearin mineral wool produc-tion between 1940 and1948.

Mineral wool
A l l cauaea: 4 9 9 / 4 6 8 ; a l lcancer*: 109/88; r e s p i r a t o r y

cancer: 4 5 / 2 8 ; N M K D : 2 9 / 2 5 .
A l l cauae*: 3 7 4 / 3 3 9 ; a l lcancer*: 109/88; r e s p i r a t o r ycancer: 3 3 / 2 7 ; MOD: 32/31 .

A l l cauae*: 1 8 4 / 2 0 5 ; a l lcancer*: 3 6 / 3 6 ; l u n g cancer:
9 / 1 0 ; H M K D : 10/11 .

S a r a c c i et a l . , 1982

Robinson et a l . , 1982

•0/E • o b s e r v e d / e x p e c t e d death*. Expe c t ed death* baaed on age- and t i m e - a p e c i f i c m o r t a l i t y ratea for thegeneral p o p u l a t i o n , u a u a l l y that of the Uni t ed S t a t e * , for a p p r o p r i a t e *ex and e thnic group*. Btt f i • non-malignant r e s p i r a t o r y di s ease . (IMBD d a t a i n c l u d e d e a t h * . f r o m i n f l u e n z a and pneumonia.)
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f i r s t exposure. F u r t h e r m o r e , p o s s i b l e e xpo sure t o a s b e s t o s dur ing t h e
early years of the p l a n t ' s operat ion could not be ruled out.

S a r a c c i et al. ( 1 9 8 2 ) . Among men f o l l o w e d at l ea s t 20 years , 33
d e a t h s f r o m lung cancer were observed and 27.3 were e x p e c t e d .

Because al l the m o r t a l i t y s t u d i e s were r e t r o s p e c t i v e , there was
l i t t l e i n f o r m a t i o n on e xpo sur e . M o s t o f the workers had s t a r t e d workdur ing the 1940s and 1950s, when, p r e s u m a b l y , f i b e r c o n c e n t r a t i o n s in the
air were higher than they are today. In the s t u d y by Enter l ine and Marsh
( 1 9 8 2 ) , current average e xpo sur e wa s a p p r o x i m a t e l y 0.04 f i b e r s / c m 3 f or
workers in f i b r o u s g l a s s p l a n t s and 0.4 f i b e r s / c m 3 for workers in
mineral wool p l a n t s . T h i s range is s i m i l a r to that r epor t ed in the
m o r b i d i t y s t u d i e s a n d i s b e l ow t h e U . S . w o r k p l a c e s t a n d a r d f o r a s b e s t o s
o f 2 f i b e r s / c m 3 , i n e f f e c t since 1976.

S a r a c c i and S i m o n s t o ( 1 9 8 2 ) reviewed the p a p e r s p r e s e n t e d at a 1982
c o n f e r e n c e on MMMF and other relevant l i t e r a t u r e . For chronic
r e s p i r a t o r y d i s e a s e s , they reviewed 10 c r o s s - s e c t i o n a l s t u d i e s , 7
m o r t a l i t y s t u d i e s , and 2 o ther s t u d i e s . The c r o s s - s e c t i ona l s t u d i e s werel i m i t e d because "no s u b s t a n t i a l f o l l o w - u p d a t a f r o m the l o n g i t u d i n a l
o b s e r v a t i o n s of c ohor t s of workers are as yet a v a i l a b l e . " The m o r t a l i t y
s t u d i e s were l i m i t e d in that no control was p o s s i b l e for smoking h a b i t s ,
prev iou s i n d u s t r i a l e x p o s u r e s , i n c l u d i n g exposure to a s b e s t o s , or
concurrent i n d u s t r i a l e xpo sure s . Of the 19 s t u d i e s , 11 were i n t e r p r e t e d
as showing no a s s o c ia t i on between MMMF and chronic r e s p i r a t o r y d i s ea s e .
A l t h o u g h the remaining e i g h t s t u d i e s showed some a s s o c i a t i o n between MMMF
and chronic r e s p i r a t o r y d i s e a s e , the a s s o c i a t i o n s were weak and not
r e a d i l y i n t e r p r e t a b l e . E n t e r l i n e a n d M a r s h ( 1 9 8 2 ) a n d M c D o n a l d ( 1 9 8 2 )
c o n c l u d e d t h a t , because o f the l ow l ev e l o f r e s p i r a b l e f i b e r s in the
f a c i l i t i e s , i t w a s u n l i k e l y that h e a l t h e f f e c t s c o u l d have been d e t e c t e d ,
even i f MMMF ac t ed l i k e a s b e s t o s .

Four of nine s t u d i e s that could evaluate the a s s o c ia t i on between MMMF
and r e s p i r a t o r y cancer did not show such an a s s o c i a t i o n . In the f i v e
s t u d i e s showing some a s s o c i a t i o n between MMMF and r e s p i r a t o r y cancer in
p o p u l a t i o n subgroup s , the excesses were smal l and had no a s soc ia t ion wi thi n t e n s i t y or d u r a t i o n o f exposure to MMMF. The authors c onc luded that"the r e a l i t y of the a s s o c i a t i o n of the r e s p i r a t o r y cancer wi th work
invo lv ing man-made vitreous f i b e r s . . . r emain s dubious."

Summary
In the s t u d i e s conducted to d a t e , man-made mineral f i b e r s have not

p r e s e n t e d the same m a g n i t u d e of h e a l t h hazard to humans as has a s b e s t o s .
For e x a m p l e , the commit tee is not aware of any n e s o th e l i omas amongpersons o c c u p a t i o n a l l y exposed to MMMF but not to a sbe s to s . There is
some evidence that a small excess of r e s p i r a t o r y cancer has occurred
among persons who produce M M M F — e i t h e r f i b r o u s g l a s s or mineral wool.
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T h i s evidence derive s f r o m m o r t a l i t y s t u d i e s that could have d e t e c t e d al arge exces s i f one were p r e s e n t . However, the l eve l of e x p o s u r e to MMMF
has been much lower than that for a s b e s t o s . A l s o , exposure to MMMF was
l e s s common b e f o r e a p p r o x i m a t e l y 1940, thereby p r o v i d i n g only a l i m i t e dper iod in which t o as se s s exces s risk f r o m MMMF for e f f e c t s wi th l o n g
l a t e n c i e s . W i t h l o n g e r f o l l o w - u p and gr ea t e r numbers o f s u b j e c t s , i t may
be p o s s i b l e to d e t e c t an excess of some cancer that could r e f l e c t a
causal a s s o c i a t i o n wi th M M M F .

The ev idence t h a t MMMF causes nonraal ignant r e s p i r a t o r y d i s e a s e i s
equivocal. A l t h o u g h some s t u d i e s have repor t ed an excess of nonmalignant
r e s p i r a t o r y d i s e a s e among f i b r o u s g l a s s p r o d u c t i o n workers, t h e excess
was smal l and was found only in a subset of the nonmal ignant r e s p i r a t o r y
d i s e a s e s . Very l i t t l e i n f o r m a t i o n i s a v a i l a b l e f r o m s t u d i e s o f m o r b i d i t y
among p e r s o n s e x p o s e d t o M M M F .

A D D I T I O N A L O C C U P A T I O N A L E P I D E M I O L O G I C A L S T U D I E S
A t t a p u l g i t e

A s t u d y of a t t a p u l g i t e miners and m i l l e r s in G e o r g i a and in F l o r i d ah a s been p e r f o r m e d b y t h e N a t i o n a l I n s t i t u t e f o r O c c u p a t i o n a l S a f e t y a n d
H e a l t h ( R . W a x w e i l e r , p e r s o n a l c ommuni ca t i on , 1983). C o n s i s t e n t evidenceo f h e a l t h e f f e c t s was no t f o u n d , a l t h o u g h some exces s lung cancers may
have occurred. The r epor t had not been r e l ea s ed as of January 1983.

T a l c
T a l c i s a hydra t ed magnesium s i l i c a t e that i s o f t e n contaminated w i thother m i n e r a l s , i n c l u d i n g those tha t may occur as a s b e s t i f o r m f i b e r s . In

a d d i t i o n , t a l c can i t s e l f b e f i b r o u s , bu t t h i s f o r m i s e x t r e m e l y rare.M a t e r i a l s o f t e n f o u n d with t a l c i n c l u d e quar t z , c a l c i t e , s e r p e n t i n e
m i n e r a l s , and a m p h i b o l e s ( b o t h as c l eavage f r a g m e n t s and a s b e s t i f o r m
f i b e r s ) . The f i b e r content o f t a l c can vary f r o m an u n d e t e c t a b l e l eve l
in some Montana mines to as h igh as 502 in some New York mines. 13 T a l cis used in the ceramic, rubber, and chemical i n d u s t r i e s as we l l as in
co smet i c powder s and p h a r m a c e u t i c a l s . It i s u s u a l l y p l a c e d into one oftwo c a t e g o r i e s : t a l c that conta ins mineral f i b e r s and t a l c t ha tdoe s not.14

13Many of these p a r t i c l e s may not be a s b e s t i f o r m as d e f i n e d by th i scommit t e e ( T . Z o l t a i , U n i v e r s i t y o f M i n n e s o t a ; R . C l i f t o n , Bureau o fM i n e s , per sonal communicat ion, 1983).^Various researchers have r e f e r r e d to t a l c that contains a s b e s t i f o r mf i b e r s . Some of these f i b e r s may be p a r t i c l e s wi th 3:1 a spec t ra t i o sbu t without the p r o p e r t i e s o f a s b e s t i f o r m f i b e r s . To avoid c o n f u s i o n ,
the commit t ee uses the more general terms "fiber" or "mineral f i b er" int h i s section.
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W o r k e r s f r o m d i f f e r e n t g e o g r a p h i c r eg ions c o n t a i n i n g t a l c wi th o r

w i t h o u t f i b e r s have been s t u d i e d t o d e t e r m i n e i f any adverse h e a l t he f f e c t s a r e a s s o c i a t e d w i t h t h e a s b e s t i f o r m f i b e r content o f t a l c .
A d v e r s e e f f e c t s have been f o u n d in some s t u d i e s among workers e xpo s ed to
t a l c both w i t h and w i t h o u t f i b e r s . T h e s e s t u d i e s are d i s c u s s e d in the
f o l l o w i n g p a r a g r a p h s .

E p i d e r a i o l o g i c a l s t u d i e s o n workers e x p o s e d t o t a l c c o n t a i n i n g f i b e r s
have d e m o n s t r a t e d adver s e e f f e c t s on p u l m o n a r y f u n c t i o n . In a s t u d y o f
121 New Y o r k miners and m i l l e r s e x p o s e d t o t a l c c o n t a i n i n g t r e m o l i t e and
a n t h o p h y l l i t e f i b e r s , p u l m o n a r y f u n c t i o n w a s f o u n d t o b e s i g n i f i c a n t l y
d e c r e a s e d ( G a m b l e e t al^., 1 9 7 9 b ) . R e d u c t i o n s in f o r c e d v i t a l c a p a c i t y
( F V C ) a n d 1-second f o r c e d e x p i r a t o r y volume ( F E V i ) were a s s o c i a t e d wi th
e m p l o y m e n t d u r a t i o n and th e amount o f f i b e r p r e s e n t . I n c r e a s e d p l e u r a l
t h i c k e n i n g and c a l c i f i c a t i o n were d e t e c t e d in t a l c workers w i th 15 or
more years of e m p l o y m e n t ( G a m b l e e_£ a_l^, 1 9 7 9 b ) .

A m o r t a l i t y s t u d y o f 398 New Y o r k miners e x p o s e d t o t a l c c o n t a i n i n g
f i b e r s h a s d e m o n s t r a t e d exce s s m o r t a l i t y f r o m nonmal ignant r e s p i r a t o r y
d i s e a s e , e x c l u d i n g i n f l u e n z a , b r o n c h i t i s , o r pneumonia ( 5 ob s e rved/1.3 e x p e c t e d ) (Brown e£ a _ K , 1 9 7 9 ) . An e x c e s s in lung cancer w i t h an
average l a t e n c y o f 20 years was a l s o observed (9 o b s e r v e d / 3 . 3 e x p e c t e d ) .
A d d i t i o n a l s t u d i e s have h a d c o n f l i c t i n g r e s u l t s . Some i n v e s t i g a t o r s havef o u n d no s i g n i f i c a n t increase s in l u n g cancer and nonmal ignant
r e s p i r a t o r y d i s e a s e ( S t i l l e e j t a_!l . , 1 9 8 2 ) , whereas o th er s have r e p o r t e d
s i g n i f i c a n t increa s e s in l u n g cancer ( K l e i n f e l d e t^ a_l.., 1967, 1974).

M o r b i d i t y and m o r t a l i t y s t u d i e s have a l s o been c o n d u c t e d on workers
e x p o s e d to t a l c w i t h low or u n d e t e c t a b l e l e v e l s o f f i b e r s . A s t u d y onthe r e s p i r a t o r y f u n c t i o n o f 103 Vermont t a l c workers i n d i c a t e d tha t there
was a r e d u c t i o n in p u l m o n a r y f u n c t i o n in smokers ( W e g t n a n et_ a±., 1 9 8 2 ) .
A f t e r a d j u s t i n g f o r smoking, t h e e f f e c t o f t h e e xpo sure t o t a l c w a s n o ts t a t i s t i c a l l y s i g n i f i c a n t , a l t h o u g h there wa s evidence o f an
e x p o s u r e - r e l a t e d e f f e c t in workers w i t h an annual d u s t e xpo sure of
a p p r o x i m a t e l y 1 .5 mg/m^. E x p o s u r e to t a l c d u s t was a l s o a s s o c i a t e d
wi th s m a l l o p a c i t i e s seen on chest r a d i o g r a p h s .

G a m b l e ££ al.. ( 1 9 8 2 ) c o n d u c t e d a c ro s s - s e c t i ona l s t u d y of 299 workersf r o m M o n t a n a , T e x a s , and N o r t h C a r o l i n a who were e xpo s ed to t a l c
c o n t a i n i n g low l e v e l s o f s i l i c a and f i b e r . T h e r e was no s i g n i f i c a n t
d i f f e r e n c e in l u n g f u n c t i o n , r e s p i r a t o r y s y m p t o m s , or pneumoconio s i sbetween workers and c o n t r o l s , a l t h o u g h there was a s i g n i f i c a n t increase
in b i l a t e r a l p l e u r a l t h i c k e n i n g among the workers. R e s u l t s o f pu lmonary
p a t h o l o g y s t u d i e s have a l s o p r o v i d e d evidence o f f i b r o s i s in workerse x p o s e d to t a l c that doe s no t c on ta in f i b e r s ( V a l l y a t h a n e£ a l _ . , 1981).



148
A m o r t a l i t y s t u d y of 392 Vermont workers expo s ed to t a l c not

c o n t a i n i n g f i b e r s showed tha t there were exces s d e a t h s f r o m nonmal ignan tr e s p i r a t o r y d i s e a s e , e x c l u d i n g i n f l u e n z a and pneumonia, among m i l l e r s
( 1 1 o b s e r v e d / 1 . 7 9 e x p e c t e d ) ( S e l e v a n e t ^ a _ l . , 1979). T h i s exce s sm o r t a l i t y was a s s o c i a t e d w i t h s m a l l o p a c i t i e s seen on chest r a d i o g r a p h s .

An excess of r e s p i r a t o r y cancer m o r t a l i t y among miners was a l s o not ed
(5 o b s e r v e d / 1 . 1 5 e x p e c t e d ) , but was a t t r i b u t e d to e x p o s u r e s o ther than
t a l c .

R E C O M M E N D A T I O N S
N e w d e t a i l e d p r o s p e c t i v e e p i d e m i o l o g i c a l s t u d i e s s h o u l d b eu n d e r t a k e n , and ongo ing i n v e s t i g a t i o n s c o n t i n u e d , to examine cohor t se x p o s e d o c c u p a t i o n a l l y t o f i b r o u s m a t e r i a l s . D e s p i t e t h e c o n s i d e r a b l enumber o f s t u d i e s r e p o r t e d , a d d i t i o n a l e p i d e m i o l o g i c a l s t u d i e s o f

o c c u p a t i o n a l g r o u p s e x p o s e d t o a s b e s t o s and other f i b r o u s m a t e r i a l s , suchas man-made mineral f i b e r s , are n e ed ed . T h e s e s t u d i e s should i n c l u d e
r e l i a b l e f i b e r e xpo sure measurement s and shou ld have a h igh s t a t i s t i c a lpower ( a b i l i t y t o d e t e c t a true e f f e c t o f a s p e c i f i e d m a g n i t u d e ) a t
re levant l e n g t h s o f l a t e n c y . T h e y shou ld a l s o i n c l u d e a d e q u a t e c o n t r o l s
for c o n f o u n d i n g f a c t o r s , such as smoking and e xpo sur e s to o ther
subs tance s in the environment. The s t u d i e s should be d e s i g n e d tof a c i l i t a t e e v a l u a t i o n o f risk over several expo sure l e v e l s .

C o n t i n u e d f o l l o w - u p o f workers e x p o s e d to man-made mineral f i b e r s i sn e e d e d , e s p e c i a l l y to d e t e r m i n e m o r b i d i t y . W o r k e r s s h o u l d be examined to
d e t e r m i n e current s t a t u s o f p u l m o n a r y f u n c t i o n and pu lmonary d i s e a s e andf o l l o w e d f or 5-20 year s , w i t h r e e x a m i n a t i o n every f ew years t o a s s e s schanges i n pu lmonary f u n c t i o n . F o r e p i d e m i o l o g i c a l s t u d i e s , e f f o r t s
s h ou ld be made to o b t a i n d e t a i l e d i n f o r m a t i o n about the c h a r a c t e r i s t i c sof the r e s p i r a b l e f i b e r s in i n h a l e d air. Every e f f o r t s hou ld be made toensure that workers w i t h l o n g service in these i n d u s t r i e s are a u t o p s i e d
a t d e a t h , e s p e c i a l l y f o r cases i n v o l v i n g r e s p i r a t o r y d i s e a s e .

A d d i t i o n a l case-control s t u d i e s of lung cancer and rae so the l ioraa
should be c o n d u c t e d among n o n o c c u p a t i o n a l l y e x p o s e d per sons . E m p h a s i ss hou ld be p l a c e d on as se s sment of previous e xpo sure to a s b e s t i f o r m f i b e r sand s hou ld i n c l u d e use of e l e c t r o n m i c r o s c o p y and other s en s i t i v e
t echniques to i d e n t i f y and q u a n t i f y expo sure and body burden. Thef e a s i b i l i t y o f c o n d u c t i n g p r o s p e c t i v e s t u d i e s i n n o n o c c u p a t i o n a l l yexpo s ed p o p u l a t i o n s s h o u l d be s t u d i e d , and the p o s s i b i l i t y o f c o n d u c t i n g
more c o m p l e t e s u r v e i l l a n c e for me so the l i oma in the U n i t e d S t a t e s should
be c on s id er ed .

C l i n i c a l and e p i d e m i o l o g i c a l d a t a i n d i c a t e that a r e d u c t i o n in .c i g a r e t t e smoking should be en couraged , e s p e c i a l l y in view of itsm u l t i p l i c a t i v e e f f e c t in cau s ing l u n g cancer in c o n j u n c t i o n wi th a s b e s t o sexposure . T h o s e in the m e d i c a l p r o f e s s i o n and the general p u b l i c s h o u l d
be i n f o r m e d about the p o s s i b l e e x p o s u r e s to a s b e s t i f o r m f i b e r s and theh e a l t h e f f e c t s r e s u l t i n g t h e r e f r o m .
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6Laboratory S t u d i e s of the E f f e c t sof A s b e s t i f o r m F i b e r s

T h i s chap t e r de scr ibe s exper imental s t u d i e s that have e l u c i d a t e dsome biological e f f e c t s o f a s b e s t i f o r m f i b e r s and their in t e rac t i on s
with c e l l s .

S T U D I E S I N A N I M A L S
In humans, inhalat ion of asbes tos is associated with increased

risks of lung tumors (bronchogenic carcinoma and peripheraladenocarc inoma), pleural and peri toneal me so th e l i oma, i n t e r s t i t i a lpulmonary f i b r o s i s ( a s b e s t o s i s ) , p l e u r a l th i ck en ing , and p o s s i b l y othertumors, inc lud ing those of the g a s t r o i n t e s t i n a l tract and kidney.I n v e s t i g a t o r s have induced lung tumors , me s o th e l i oma, and f i b r o s i s a f t e ra d m i n i s t r a t i o n of a sbe s to s to animals. T h i s s ec t ion summarizes ther e su l t s of t o z i c o l o g i c a l s t u d i e s in an a t t e m p t to determine whether (1)cer tain phys i cochemical p r o p e r t i e s of a s b e s t o s are impor tant in theinduct ion o f d i s ease and whether (2) o ther a s b e s t i f o r m f i b e r s exhibi tpathogenic po t en t ia l in animals.

Lung Cancer
In the lung, malignant tumors arise f r o m the bronchial or a lveo lare p i t h e l i a l c e l l s and are c l a s s i f i e d according to their h l s t o l o g l c a lf ea tur e s (e .g. , squamous cell carcinoma or adenocarcinoma; small orlarge cell carcinoma). A l t h o u g h small numbers of these type s of tumorsappear I n rats a f t e r inhalation ( A p p e n d i x F , T a b l e F - l ) o r intratracheali n s t i l l a t i o n o f asbestos and chemical carcinogens ( A p p e n d i x F, T a b l eF-2), benign ( p a p i l l o m a , adenoma) and malignant ( f l b r o s a r c o m a ) tumorsuncommon to humans occur more f r e q u e n t l y . In general, resul t s ared i f f i c u l t t o evaluate because o f d i f f e r e n t experimental p r o t o c o l s ( e . g . ,amounts of d u s t s , exposure regimens, d i f f e r e n t species or s trains). Forexample , in inhalat ion s tud i e s conducted by Davis et al. (1978, 1982),Wagner et al. (1974, 1982a), and Bozelka et al. (1983) asbestosconcentrations of a p p r o x i m a t e l y 10 mg/m^ of air were used, whereas

Reeves and colleagues (1971, 1974, 1976) used concentrationsa p p r o x i m a t e l y f i v e f o l d higher.
165
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Another shortcoming is the lack of dose-response in format ion atvarious concentrations of asbestos. W i t h the except ion of Davis et al.(1978) and Lee e£ al. (1981), all inve s t igator s have used only oneconcentration of dust . The d i f f e r e n t size d i s t r i bu t i on s of f i b e r s inthese s t u d i e s also present problems to those a t t e m p t i n g to compare thep a t h o g e n i c potent ial o f d i f f e r e n t type s o f asbestos. For example ,inhalation s tud i e s by Davis et al. (1978) ( A p p e n d i x P, T a b l e F - l )demons tra t ed that c l ouds of c E r y s o t l l e contain many more f i b e r s longerthan 20 M» than are found in aero so l ized amphibole s . T h i s phenomenoncould account for the greater tumor incidence observed a f t e r exposure tochryso t i l e in these experiments. However, d e s p i t e these generall i m i t a t i o n s in I n t e r p r e t a t i o n , data in A p p e n d i x F, T a b l e s F-l and F-2suppor t the f o l l o w i n g conclusions:
1. The development of lung cancers in rodents a f t e r inhalation of

asbes tos is s p e c i e s - s p e c i f i c . For example , rats and mice d ev e l op bothbenign and malignant n e o p l a s m s , whereas hamsters, guinea p i g s , andrabbit s d e v e l o p only benign neoplasms (Botham and H o l t , 1972a,b; Gardner,1942; Gros s .et al., 1967; Reeves et al. , 1974; Vorwald e£ al., 1951;W a g n e r , 1963). In the few s tud i e s conducted in cats (Vorwald et al.,1951) and monkeys ( W a g n e r , 1963; W e b s t e r , 1970), f i b r o s i s but no tumorsd e v e l o p e d . T h u s , cats and monkeys seem to be i n a p p r o p r i a t e animal mode l sfor s t ud i e s o f asbes tos-l inked carcinogenesis.
2. Small numbers of benign and malignant lung tumors have beenobserved a f t e r inhalation o f a l l type s o f asbestos ( A p p e n d i x F, T a b l eF - l ) . The short l l f e s p a n of rodents may not allow s u f f i c i e n t time fordeve lopment of larger numbers of tumors.
3. A s triking increase in the number of neoplasms has been observeda f t e r rodents were exposed by i n s t i l l a t i o n to a combination of asbestosand chemical carcinogens such as p o l y c y c l i c aromatic hydrocarbons(PAHs). T h u s , asbestos appears to act s y n e r g i s t l c a l l y with PAH to inducelung tumors ( A p p e n d i x F , T a b l e F - 2 ) .
4. For unexplained reasons, a synergi s t i c e f f e c t has not beenobserved in rats exposed to both asbestos and cigaret te smoke byinhalation (Shabad et al., 1974; Wehner .et al., 1975); however,deve lopment of f i b r o s i s in these animals l ead s to reduced l i f e s p a n .
5. When asbes tos is Inhal ed by rats s imultaneously with theintratracheal in s t i l l a t i on of sodium hydrox ide , a caustic agent a f f e c t i n gmucoclliary clearance, an increase in the number of tumors has beenobserved ( G r o s s e £ & l * , 1967). The sodium hydroxide presumably leads toa greater retention of asbestos in the re spiratory tract.
6. Several type s of man-made mineral f i b e r s (MMMFs) have beenevaluated in inhalation s tudies. Among the f i b er s s tudied are f i brousglas s (Gro s s 1974; Gross et al., 1970; Lee et, al., 1981; Moorman, inpre s s; Scheper s and Delahant, 1955; Scheper s et al., 1958) and insulation(Morrison et al., 1981); alumina ( P i g g o t t et, al., 1981); glass wool, rock
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w o o l , and g l a s s m i c r o f i b e r s ( W a g n e r e j t a _ K , 1 9 8 2 a ) ; ceramic aluminum
s i l i c a t e g l a s s ( C A S G ) ( D a v i s e £ a_l., 1 9 6 2 ) ; a n d p o t a s s i u m t i t a n a t e , i.e.,
F y b e x and p i g m e n t a r y p o t a s s i u m t i t a n a t e (PKT) (Lee e_t a_l., 1981). Incompari son to the various t y p e s o f a s b e s t o s i n c l u d e d a s p o s i t i v e c o n t r o l s
in many o f t h e s e s t u d i e s , t h e s e f i b e r s ar e g e n e r a l l y l e s s carcinogenic.T u m o r s have been r e p o r t e d a f t e r e x p o s u r e t o CASG ( D a v i s e t a l . , 1 9 8 2 ) .R e s u l t s w i t h f i b r o u s g l a s s vary (see f o o t n o t e t o T a b l e F - l i nA p p e n d i x F). Lee £ t a_l. ( 1 9 8 1 ) p r o d u c e d two m a l i g n a n t l u n g tumors in
hams t er s e x p o s e d t o p o t a s s i u m o c t a t i t a n a t e f i b e r s and bronchogen i c tumors
in rat s w i th u s e o f f i n e f i b e r g l a s s . No m a l i g n a n t tumors were p r o d u c e d
i n h a m s t e r s , r a t s , o r guinea p i g s i n h a l i n g b a l l - m i l l e d f i b e r g l a s s .W a g n e r e t al. ( 1 9 8 2 a ) r e p o r t e d s m a l l numbers of l u n g cancers in ratse x p o s e d to g l a s s w o o l , rock w o o l , and g l a s s m i c r o f i b e r s by i n h a l a t i o n and
no cancers in con tro l a n i m a l s , whereas in c o m p a r a b l e s t u d i e s , M c C o n n e l l
et al. ( 1 9 8 2 ) did not d e t e c t such an increase.

7. In c o m p a r i s o n to amos i t e a s b e s t o s , more bronchogeni c tumors
d e v e l o p e d i n r a t s a f t e r i n t r a t r a c h e a l i n s t i l l a t i o n o f f e r r o a c t i n o l i t e — a nunusual and impure a s b e s t i f o r m f i b e r ( C o f f i n e t a l . , 1982; Cook e t a l . ,
1 9 8 2 ) . F e r r o a c t i n o l i t e a p p e a r s t o undergo l o n g i t u d i n a l s p l i t t i n g a s a
r e s u l t o f d i s s o l u t i o n in th e r e s p i r a t o r y t r a c t , thereby p r o d u c i n g anincrea s ed d o s e o f e x t r e m e l y t h i n f i b e r s . W h e n th e a n i m a l s were expo s edto n o n f i b r o u s g r u n e r i t e , no carcinomas were observed.

M e s o t h e l i o m a
P l e u r a l and p e r i t o n e a l m e s o t h e l i o m a s o r i g i n a t e in th e s erosal c e l l s

l i n i n g th e b o d y c a v i t i e s o c c u p i e d by th e l u n g s and d i g e s t i v e o r g a n s ,
r e s p e c t i v e l y . T h e y occur i n s m a l l numbers a f t e r i n h a l a t i o n o fa s b e s t i f o r m f i b e r s by a n i m a l s , bu t in l a r g e r numbers a f t e r i n t r a p l e u r a l
a n d i n t r a p e r i t o n e a l i n j e c t i o n o f t h e f i b e r s . T h e i n j e c t i o n t e chn ique h a s
been used most f r e q u e n t l y in r e p o r t e d s t u d i e s because of i t s
r e p r o d u c i b i l i t y . H o w e v e r , i n j e c t i o n o f f i b e r s b y p a s s e s normal lung
c l earance mechanisms and is c r i t i c i z e d as a n o n p h y s i o l o g i c a l method of
expo sure . T a b l e F-3 in A p p e n d i x F summarizes the r e s u l t s o f e x p e r i m e n t sin animals i n j e c t e d wi th a s b e s t i f o r m f i b e r s . From these d a t a and ther e s u l t s o f i n h a l a t i o n s t u d i e s ( T a b l e F - l i n A p p e n d i x F ) , t h e f o l l o w i n g
observat ions can be made:

1. M e s o t h e l i o m a s have been observed in rat s a f t e r i n j e c t i o n of all
t y p e s o f a s b e s t o s and a number o f nonasbe s t o s f i b e r s , i n c l u d i n g f i b r o u sg l a s s , ceramic f i b e r s , a t t a p u l g i t e ( p a l y g o r s k i t e ) f r o m t h e U S S R , bruc i t e ,and er ioni te . Fewer me s o th e l i omas occurred in rats a f t e r i n h a l a t i o n of
UICC c h r y s o t i l e , amos i t e , and c r o c i d o l i t e , bu t none appeared a f t e ri n h a l a t i o n o f r e s p i r a b l e f i b r o u s g l a s s , a lumina, and ceramic aluminum
s i l i c a t e g l a s s f i b e r s .

2. The incidence of f i b e r - i n d u c e d m e s o t h e l i o m a in hamsters is lowerthan in rats and in mice, but tumors a p p e a r e a r l i e r , p e r h a p s because ofthe shorter l i f e s p a n o f the hamster.
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3. Tumor r e spon s e was r e l a t e d d i r e c t l y to the d o s a g e of f i b e r

a d m i n i s t e r e d in e x p e r i m e n t s by S m i t h and H u b e r t ( 1 9 7 4 ) and by Wagner eta l . ( 1 9 7 3 ) . Other i n v e s t i g a t o r s ( e . g . , P o t t a n d F r i e d r i c h s , 1972;S t a n t o n and W r e n c h , 1 9 7 2 ) have not observed such do se-re sponser e l a t i o n s h i p s .
4 . Expo sure t o e i t h e r l o n g (>10 pm) or short ( m i l l e d ) f i b e r s r e s u l t s

i n t h e a p p e a r a n c e o f m e s o t h e l i o m a s . N o n f i b r o u s p a r t i c l e s , i n c l u d i n g
c l e a v a g e f r a g m e n t s , d o n o t g e n e r a l l y cause tumors (see A p p e n d i x F ) .

5. A l t e r a t i o n of c r o c i d o l i t e by l e a c h i n g (a pro c e s s t ha t can cause
f r a g m e n t a t i o n o f f i b e r s ) reduce s i t s a b i l i t y t o cause m e s o t h e l i o m a( M o n c h a u x et a_l. , 1981; M o r g a n e£ a_l., 1 9 7 7 ) , but removal of PAH or tracem e t a l s does not a f f e c t the d e v e l o p m e n t o f tumors ( W a g n e r e_t a_l., 1973).

6. In s t u d i e s to e v a l u a t e various i n j e c t e d s a m p l e s , no one t y p e o f
a s b e s t o s h a s a p p e a r e d t o b e more p a t h o g e n i c than o th er s (se e A p p e n d i x F ) .
W a g n e r ( 1 9 8 2 ) h a s r e p o r t e d e r i o n i t e f r o m Oregon r e a d i l y induce sm e s o t h e l i o m a s in r a t s by i n h a l a t i o n or i n j e c t i o n .

7. I n h a l a t i o n o f p o t a s s i u m o c t a t i t a n a t e f i b e r s (average s ize 6.7 x
0.2 u r n ) p r o d u c e d three m e s o t h e l i o m a s in 59 h a m s t e r s surviving 21 months
or more. No such tumors were p r o d u c e d in guinea p i g s and rat s e x p o s e d
to t h e s e f i b e r s , or in s m a l l e r numbers o f r a t s , guinea p i g s , and hams t e r s
i n h a l i n g a m o s i t e a s b e s t o s or b a l l - m i l l e d f i b e r g l a s s (Lee e_t aj^., 1981).

F i b r o s i s
A s b e s t o s - a s s o c i a t e d f i b r o s i s i s an i r r e v e r s i b l e d i s e a s e c h a r a c t e r i z e d

a s an exce s s ive d e p o s i t i o n o f f i b r o u s t i s s u e . T h i s c e l l u l a r r e s p o n s e i st h o u g h t to occur as a r e p a r a t i v e or r eac t ive p r o c e s s . All t y p e s of
a s b e s t o s cause p u l m o n a r y f i b r o s i s o f t h e l u n g ( a l s o c a l l e d p u l m o n a r yi n t e r s t i t i a l f i b r o s i s , o r P I F ) a f t e r r e l a t i v e l y l o n g p e r i o d s o f
a d m i n i s t r a t i o n ( A p p e n d i x F , T a b l e F - 4 ) . A range o f m o r p h o l o g i c a la l t e r a t i o n s a r e observed a f t e r e xpo sur e t o o ther f i b e r s . T h e i m p o r t a n tf e a t u r e s of the s e e x p e r i m e n t s can be summarized as f o l l o w s :

1. T h e r e are s p e c i e s and s t r a i n d i f f e r e n c e s in f i b r o g e n i c r e spon s e .A f t e r i n h a l a t i o n o f c h r y s o t i l e b y r a t s , guinea p i g s , a n d mice, granulomas( d i s t i n c t i v e f o c a l l e s i o n s f o r m e d as the r e s u l t o f an i n f l a m m a t o r y
r e a c t i o n ) and f o c a l f i b r o s i s have been observed in the rat and guinea pigbut not in the mouse (Reeves e_£ a l . , 1974). Moreover, s t u d i e s by Lee etal. ( 1 9 8 1 ) show a d ir e c t r e l a t i o n s h i p between d o s a g e of f i b e r s and
d e v e l o p m e n t of f i b r o s i s in the r a t , whereas l e s s prominent changes occur
in the hamster and guinea p i g .

2. S t u d i e s w i th f i b r o u s g l a s s in a d i v e r s i t y of s ize ranges sugge s t
tha t r e spons e s are minimal in compari son to those induced by a sb e s t o s of
c o m p a r a b l e d imens ions . M o r p h o l o g i c a l changes in e x p o s e d animals i n c l u d e
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mild macrophage i n f i l t r a t i o n without f l b r o s i s ( G r o s s e t a l . , 1970;Moorman, in p r e s s ) , minimal p e r i b r o n c h l o l a r f i b r o s l s ( K u s c h n e r andW r i g h t , 1976), a l v e o l i t i s ( i n f l a m m a t i o n o f the a l v e o l i ) (Begin e t al..1982), and alveolar p r o t e i n o s l s (a lv eo lar accumulat ion of granularp r o t e l n a c e o u s m a t e r i a l ) (Lee e t a l . , 1979). No abnormal p a t h o l o g y hasbeen observed with use of f i b r o u s g la s s in inhala t ion exper iment s by Lee
et al. (1981), S c h e p e r s ( 1 9 5 9 ) , and S c h e p e r s et al. ( 1 9 5 8 ) .

3. I n h a l a t i o n and pleural i n j e c t i o n s t u d i e s i m p l i c a t e the increasedf i b r o g e n i c p o t e n t i a l of longer (>10 pm) f i b e r s of both a s b e s t o s andf i b r o u s g la s s . Minimal or no change has been observed a f t e r exposure ofanimals to smal l er f i b e r s or p a r t i c l e s of c hry so t i l e ( G a r d n e r , 1942),other t y p e s of UICC a sb e s t o s ( V o r w a l d e_t a l . , 1951), f i b r o u s g l a s s , and as y n t h e t i c f l u o r o - a m p h i b o l e ( K u s c h n e r a n d W r i g h t , 1976).
4. Other f i b e r s evaluated in roden t s by inhalat ion I n c l u d e alumina,which produc ed no f i b r o s i s ( P i g g o t t et a l . , 1981); PKT and F y b e x , whichcaused f l b r o s i s , but to a l e s s er extent than amosi te (Lee e_t al., 1981);and ceramic aluminum s i l i c a t e g l a s s , which induced alveolar pro t e ino s i s

(Davi s e t al . , 1982). T h e s e f i b e r s t e n d e d to f a l l within the same sizedimensions as asbes tos .
5. Davis and Coniami ( 1 9 7 3 ) eva luat ed p l eura l f i b r o s i s in mice a f t e ri n j e c t i o n o f the material r e s u l t i n g f r o m h ea t ing chry so t i l e t ot e m p e r a t u r e s e x c e ed ing 6 0 0 ° C . C o m p a r e d wi th control mat er ia l , f i b e rl e n g t h was reduced and the f i b r o t i c changes in animals diminished.
6. Pleura l p l a q u e s have not been observed in laboratory animalsa f t e r expo sure to a s b e s t o s ( C r a i g h e a d and Mos sman, 1982).

Events in the G a s t r o i n t e s t i n a l Trac t A f t e r Exposure to Asbe s t o s
A number of I n v e s t i g a t o r s have a t t e m p t e d to I n d u c e ga s t r o in t e s t ina l

tumors in animals by a d m i n i s t e r i n g oral dose s of asbes tos ( G r o s s et al.,1974; S m i t h e£ al., 1965, I 9 8 0 a ; W o r k s h o p on I n g e s t e d A s b e s t o s , 1983).T h u s f a r , these s tud i e s have y i e ld ed negative r e su l t s , as have threeNationa l T o x i c o l o g y Program bioassays (McConnel l et al., 1983 a , b ) .Moreover, a sbe s to s was not found to be cocarcinogenic when adminis teredto rats with azoxyme thane—a documented in t e s t inal carcinogen (Ward etal., 1980). A f t e r being inges ted by roden t s , asbes tos has been observedin mucosal ce l l s of the gut ( W e s t l a k e et al., 1965). In guinea p i g s ,e p i t h e l i a l in jury has been observed ( J a c o b s et al., 1978) but erosion anddegenerative changes regressed by 24 hours a f t e r admini s trat ion of anoral 500-mg dose (Saxena et al., 1982). The acid environment of thestomach and the secretion of mucin by ga s t r o in t e s t ina l ce l l s couldcontribute to the m o d i f i c a t i o n of f i b e r s as a result of the leaching oradsorbance of mucin. Moreover, the rat gut may be resistent toasbestos. S t u d i e s by Reiss et a_l. (1980b) show that asbestos is toxic to
inte s t inal and colonic c e l l s in culture. Leaching of chrysot i l e in 1 Nhydrochloric acid ameliorates cy t o t ox i c i ty .
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I N V I T R O S T U D I E S

I n v e s t i g a t o r s using su sp en s i on s o f r ed blood c e l l s ( R B C s ) , monolayers
of c e l l s , and organ cu l t ur e s have c o n t r i b u t e d to the u n d e r s t a n d i n g of themechanisms by which c y t o t o x i c i t y and c a r c i n o g e n i c i t y are induced bya s b e s t i f o r m f i b e r s . R e s u l t s o f the s e s t u d i e s have been d i s c u s s e d in
various p r o c e e d i n g s and reviews ( e . g . , Brown e£ al., 1980; H a r i n g t o n etaU, 1975; Mossman and C r a i g h e a d , 1981; Mossman e£ a_l., 1983a). Thet y p e s of s t u d i e s and e xp er imen ta l i n f o r m a t i o n of most impor tance ine l u c i d a t i n g the in t erac t i on s o f f i b e r s w i th c e l l s are summarized below.

H e m o l y t i c A s s a y s
The mechanisms of p a r t i c l e - i n d u c e d c y t o t o x i c i t y are c o m p l e x . A

c r i t i c a l par t o f t h i s pro c e s s a p p e a r s to be the a b i l i t y of p a r t i c l e s andf i b e r s to bind to and damage c e l l u l a r membranes ( C h a m b e r l a i n et a l . ,1982; Craighead et al., 1980; H a r i n g t o n et al., 1971, 1975; Jaurand e£a l . , 1979a, 1980; W o o d w o r t h e t aK, 198277 The d i s r u p t i o n o f themembranes can result in hemolys i s , which is the leakage of hemoglobin
f r o m the RBCs. H e m o l y s i s can be q u a n t i f i e d s p e c t r o p h o t o m e t r l c a l l y and
o f t e n i s used to d e f i n e :

• mechanisms of membrane damage by p a r t i c l e s ( C h a m b e r l a i n et a l . ,1982; Craighead e_t a_l., 1980; Desai e£ aJL., 1975; Jaurand e£ aU, 1979a,1980; H a r i n g t o n e_t • !., 1971, 1975; L i g h t and W e i , 1 9 7 7 a , b ; Manyai e_ta l . , 1969; Z i t t i n g and S k y t t a , 1 9 7 9 ) and
• t h e f i b r o g e n i c p o t e n t i a l o f p a r t i c l e s ( H e f n e r a n d G e h r i n g , 1 9 7 5 ) .The degree of h emoly s i s by p a r t i c l e s , however, does not c o r r e l a t e

d i r e c t l y w i th the ir f i b r o g e n i c o r carc inogenic e f f e c t s .
The h emo ly t i c a c t i v i t y o f f i b e r s r e l a t e s t o phys i cochemica lp r o p e r t i e s such as size ( S c h n i t z e r and P u n d s a c k , 1 9 7 0 ) , magnesium content( H a r i n g t o n e£ a_l., 1971), c r y s t a l l i n i t y (Palekar e£ «1., 1979; Z i t t i n gand S k y t t a , 1 9 7 9 ) , and s u r f a c e charge ( H a r i n g t o n e£ t i U , 1971, 1975;L i g h t and W e i , 1977a ,b). A large s u r f a c e area a l s o f a c i l i t a t e sin t e rac t i on s with the RBC membrane. For e x a m p l e , hemolys i s is enhancedas the number of f i b e r s (Desa i and R i c h a r d s , 1978; S c h n i t z e r andPundsack, 1970) and the degree of the ir d i s p e r s i o n ( S c h n i t z e r andP u n d s a c k , 1970) increase. P a r t i c l e shape is not c r i t i c a l since c e r ta in

f i b e r s , such as c r o c i d o l i t e a sbe s t o s and f i b r o u s g l a s s , or p a r t i c l e s wi thsharp e d g e s , such as carborundum, are only m a r g i n a l l y h emo ly t i c( H a r i n g t o n e£ j l . , 1975). Moreover, some n o n f i b r o u s p a r t i c l e s , such asm o n t m o r i l l o n i t e , are as hemolyt i c as c h r y s o t i l e asbestos ( W o o d w o r t h eta l . , 1982). "~
The importance of s u r f a c e charge in h e m o l y s i s by c h r y s o t i l e andc r o c i d o l i t e has been s u g g e s t e d by L i g h t and Wei ( 1 9 7 7 a , b ) . Otherinve s t iga tor s have reported that c h r y s o t i l e is both hemolyt i c and
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c y t o t o x i c in a varie ty of c e l l s y s t e m s , whereas c r o c i d o l i t e i s r e l a t i v e l y
inac t iv e ( C h a m b e r l a i n and Brown, 1978; M i l l e r and H a r i n g t o n , 1972;
Mossman e£ £i«» 1980b; W o o d w o r t h et £U, 1 9 8 2 ) . The m a g n i t u d e of thes u r f a c e charge on the f i b e r s ( e . g . , c h r y s o t i l e , +44.5 mV, and c r o c i d o l i t e ,-43.5 mV, in d i s t i l l e d water, as measured by the ir zeta p o t e n t i a l ) 1 isd i r e c t l y r e l a t e d t o th e i r h e m o l y t i c p o t e n t i a l . F o r e x a m p l e , whenc h r y s o t i l e f i b e r s are l ea ched in a c i d , t h e i r z e ta p o t e n t i a l de crea s e s as
does the ir h e m o l y t i c a c t i v i t y . In c on t ra s t , th e h emo ly t i c a b i l i t y o f
c r o c i d o l i t e increase s a f t e r l e a c h i n g a s th e f i b e r s become more n e g a t i v e l y
charged. A d s o r p t i o n o f c o m p o n e n t s o f s u r f a c t a n t or serum to f i b e r s a l s o
render s them l e s s h e m o l y t i c ( C r a i g h e a d e_£ £l . , 1980; Desai and R i c h a r d s ,
1978; J a u r a n d e£ al . , 1979a; L i g h t and W e i , 1 9 7 7 a ) .

H a r i n g t o n e_t _al_. ( 1 9 7 1 , 1 9 7 5 ) h y p o t h e s i z e d tha t n e g a t i v e l y charged
r e s i d u e s o f s i a l i c acid f r o m membrane g l y c o p r o t e i n s bind t o p o s i t i v e l y
charged s i t e s on minerals . T h i s ionic in t e rac t i on might result in the
a g g r e g a t i o n o f i n t e g r a l membrane p r o t e i n s and l eakage o f h e m o g l o b i n . To
t e s t t h i s h y p o t h e s i s , s i a l i c acid was removed e n z y m a t i c a l l y f r o m RBCsb e f o r e h e m o l y s i s by c h r y s o t i l e was measured. The t r ea t ed RBCs were
r e s i s t a n t to h e m o l y s i s , s u g g e s t i n g the i m p o r t a n c e o f s i a l i c acid in t h i s
proce s s . Exper imen t s wi th tracheobronchial e p i t h e l i a l c e l l s have
s u g g e s t e d t h a t c h r y s o t i l e a l s o i n t e r a c t s w i th o ther c a r b o h y d r a t e s on the
c e l l s u r f a c e ( M o s s m a n e_t a l . , 1983c).

C y t o t o x i c i t y S t u d i e s
C y t o t o x i c i t y i s th e a b i l i t y o f an agent t o i n t e r f e r e wi th c e l l u l a r

f u n c t i o n to the extent tha t the c e l l i s e i t h e r damaged or k i l l e d .Because a s b e s t o s and o ther p a r t i c l e s are b e l i e v e d to p l a y a role in the
p a t h o g e n e s i s o f r e s p i r a t o r y t rac t d i s e a s e s , th e mechanisms whereby the s e
sub s tance s induce C y t o t o x i c i t y have been i n v e s t i g a t e d in c e l l cul ture( C h a m b e r l a i n et â ., 1982; H a r i n g t o n e_t a_l . , 1975; Mossman et a l . ,
1983a). A l t h o u g h some researchers have a t t e m p t e d to c orre la t e theC y t o t o x i c i t y o f f i b e r s wi th their a b i l i t y t o cause pulmonary f i b r o s i s andm e s o t h e l i o m a ( H e f n e r and G e h r i n g , 1975; Raw e£ â ., 1982; W a d e et a l . ,1980), the v a l i d i t y of this corre la t ion is not a c c ep t ed in general, andone must c o n c l u d e that c y t o t o x i c i t y is not r e l a t e d d i r e c t l y to
p a t h o g e n i c i t y . For e x a m p l e , c r o c i d o l i t e i s l e s s damaging to red b l oodc e l l s and le s s c y t o t o x i c than c h r y s o t i l e in macrophages and in cu l ture s
o f t racheobronch ia l e p i t h e l i a ( D o l l e j t aK, 1982a,b; H a u g e n e_t a_l^, 1982;
Landesman and M o s s m a n , 1982; M i l l e r and H a r i n g t o n , 1972; Mossman et a l . ,1980b; W o o d w o r t h e£ al . , 1982). Reis s and c o l l e a g u e s ( 1 9 8 0 a , b ) and W a d ee t a l . ( 1 9 7 9 ) have s u g g e s t e d that s e n s i t i v i t y to a s b e s t o s d i f f e r s among

p o t e n t i a l is a measure of s u r f a c e charge. A zeta p o t e n t i a l ofzero i n d i c a t e s no measurable surface charge.
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t h e various c e l l t y p e s ( e . g . , e p i t h e l i a l c e l l s , f i b r o b l a s t s , a n d
m a c r o p h a g e s ) .

C y t o t o x i c i t y is d e p e n d e n t on both the geometry and the l e n g t h of
a s b e s t o s f i b e r s . I n m a c r o p h a g e l i k e c e l l s , c h r y s o t i l e i s t o x i c , whereas
i t s n o n f i b r o u s a n a l o g , p l a t y s e r p e n t i n e , i s no t ( F r a n k e£ a_l., 1 9 7 9 ) .Long f i b e r s of various mineral s are more c y t o t o x i c than comparableamounts of short f i b e r s (Beck e£ a _ K , 1 9 7 2 ; Brown e t_ aK, 1978;
C h a m b e r l a i n and Brown, 1978; Raw ejt a_l., 1982). T h e r e is overwhe lmingevidence that short f i b e r s are p h a g o c y t i z e d c o m p l e t e l y , whereas l ong
f i b e r s a r e on ly p a r t i a l l y e n v e l o p e d b y c e l l s . U p t a k e o f f i b e r s b y c e l l sr e s u l t s in the r e l ea s e of l y s o s o m a l enzymes (Beck ££*!.•> 1972; Davies eta l . , 1974) and oxygen f r e e r a d i c a l s ( M o s s m a n and Lande sman, 1 9 8 3 ) ,
reac t ive s p e c i e s tha t cause p e r o x i d a t i o n of membranes and damage to
m a c r o m o l e c u l e s ( F r e e m a n and C r a p o , 1982). C e l l i n j u r y in t rachea le p i t h e l i a l c e l l c u l t u r e s can be p r e v e n t e d by the a d d i t i o n o f s u p e r o x i d e
d i s m u t a s e — a s cavenger o f s u p e r o x i d e ( M o s s m a n and Lande sman, 1983).

C e l l d e a t h occurs r a p i d l y when f i b e r s ar e a d d e d t o c u l t u r e media
wi thou t serum, but is i n h i b i t e d or d e l a y e d when serum is pre s ent
( H a r i n g t o n et a_l., 1975; Mossman ejt a_K, 1980b). Serum pro t e in s adsorbto f i b e r s ( D e s a i and R i c h a r d s , 1 9 7 8 ) , and t h i s p r o t e c t i v e c o a t i n g i s
b e l i e v e d to be reiaoved by l y s o s o r a a l h y d r o l a s e s a f t e r p h a g o c y t o s i s o f the
p a r t i c l e s ( A l l i s o n , 1971; H e p p l e s t o n , 1979).

A l t e r a t i o n s i n C e l l s o f t h e Immune S y s t e m A f t e r Exposure t o
A s b e s t i f o r m F i b e r s

A b e r r a t i o n s of humoral and c e l l u l a r immunity have been reported in
i n d i v i d u a l s e x p o s e d to a s b e s t o s ( K a g a n e_t a_l., 1977; Lange , 1980;
S t a n s f i e l d and E d g e , 1974; T u r n e r - W a r w i c k and Parke s , 1973). T h e s e
s t u d i e s s u g g e s t a c t i v a t i o n a n d / o r l o s s o f normal immunoregu la torymechanisms in a s b e s t o s - a s s o c i a t e d d i s e a s e s . Because macrophage s may p l a y
a role as an i n t e r m e d i a t e in pulmonary d e f e n s e , in vitro s t u d i e s havebeen conduc t ed to examine the r e spon s e s of these c e l l s to a sbe s to s .A f t e r exposure t o a s b e s t o s , macrophage s re l ease p o t e n t i n f l a m m a t o r yf a c t o r s ( H a m i l t o n e t a j l . , 1 9 7 6 ) and s y n t h e s i z e p r o s t a g l a n d i n s ( S i r o i s e ta l . , 1980), ch emo ta c t i c f a c t o r s f o r n e u t r o p h i l s ( S c h o e n b e r g e r e t a l . ,
1 9 8 2 ) , and s ub s t anc e s that increase r e p l i c a t i o n o f f i b r o b l a s t s ( B i t t e r m a net al., 1981).

R e s u l t s o f other in vitro e xp e r imen t s i n d i c a t e that a s b e s t o s a f f e c t sboth c e l l - m e d i a t e d (Barbers e£ aJL., 1982; Boze Ika e_t al., in p r e s s ) anda n t i b o d y - m e d i a t e d (Lawrence e£ a_l., 1982) immunity. In a d d i t i o n , botha m p h i b o l e and s e r p e n t i n e t y p e s o f a s b e s t o s d e p r e s s viral induc t i on o fi n t e r f e r o n — a g l y c o p r o t e i n that c o n f e r s antiviral d e f e n s e — t h e r e b yr e s u l t i n g in increased m u l t i p l i c a t i o n of the virus ( H a h o n and Ecker t ,1 9 7 6 ) . C o n v e r s e l y , the mineral w o l l a s t o n i t e enhances the i n d u c t i o n o f
i n t e r f e r o n by i n f l u e n z a virus in c u l t u r e d c e l l s , but the mineral per se
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does not induce i n t e r f e r o n (Hahon ejt al., 1980). F i n a l l y , in a d d i t i o n to
obvious m o d u l a t o r y e f f e c t s on c e l l s o f the immune s y s t e m , a s b e s t o s cana c t i v a t e c o m p l e m e n t , a c o m p l e x in serum that is d e s t r u c t i v e to certain
bacteria and c e l l s that have been s e n s i t i z e d wi th a n t i b o d y ( H a s s e l b a c h e r ,
1 9 7 9 ; S a i n t - R e m y and C o l e , 1980; W i l s o n e£ al.., 1977).

E f f e c t s o n F i b r o b l a s t s I n V i t r o
A l t h o u g h the macrophage a p p e a r s to be a key c e l l in the i n d u c t i o n of

t i s s u e i n j u r y by a s b e s t o s , the a f f e c t e d c e l l in the f i b r o t i c proces s i st h e f i b r o b l a s t — a c e l l a s s o c i a t e d with t h e p r o d u c t i o n o f c o l l a g e n . I t i s
n o t c l e a r whether f i b r o s i s r e s u l t s f r o m increased p r o d u c t i o n o f c o l l a g e n
by i n d i v i d u a l c e l l s , or f r om an increase in the p r o l i f e r a t i o n of
f i b r o b l a s t s , or f r o m both. Some i n v e s t i g a t o r s have s u g g e s t e d that th e s e
s y n t h e t i c r e spon s e s are e l i c i t e d by f i b r o g e n i c f a c t o r s r e l ea s ed by
roacrophages (reviewed in V i g l i a n i , 1968).

When n o n c y t o l y t i c amounts of a s b e s t o s are added to c u l t u r e s of
f i b r o b l a s t s , abnormal and a c c e l e r a t e d p r o d u c t i o n o f c o l l a g e n and
r e t i c u l i n are observed ( H e x t and R i c h a r d s , 1976; Richard s and J a c o b y ,
1976). F i b r o b l a s t s undergo a maturat ion proces s l e a d i n g to rapidc e l l u l a r aging. S u r v i v i n g c e l l s p h a g o c y t i z e f i b e r s a v i d l y a n d undergo
m o r p h o l o g i c a l and biochemical changes such as a l t e r a t i o n s in secretion of
p r o t e o g l y c a n s ( R i c h a r d and M o r r i s , 1 9 7 3 ) , m e t a b o l i s m o f RNA, andenhancement in c e l l mat c o l l a g e n d e p o s i t i o n ( H e x t and R i c h a r d s , 1 9 7 6 ) .
F i b r o u s g l a s s i s l e s s c y t o t o x i c , p r o d u c i n g minimal but s imi lar
a l t e r a t i o n s . Long f i b r o u s g l a s s p r o v i d e s a s u b s t r a t e f o r t h e a t t a c h m e n t
of c u l t u r e d f i b r o b l a s t s and a c t s as a s t i m u l u s to promote c e l l d i v i s i o n
( M a r o u d a s e t a l . , 1 9 7 3 ) .

I N I T I A T I O N - P R O M O T I O N MODEL O F C A R C I N O G E N E S I S
T h i s br i e f d i s c u s s i o n of the in i t i a t i on-promo t i on model o fc a r c i n o g e n e s i s i s p r o v i d e d as a basis for subsequent s e c t i on s d e s c r i b i n g

p o s s i b l e carcinogenic p r o p e r t i e s o f a s b e s t i f o r m f i b e r s . I t i s p o s s i b l etha t cancers induced by a s b e s t i f o r m f i b e r s r e su l t f r o m the samef u n d a m e n t a l mechanisms as cancers induced by other p h y s i c a l and chemical
agents . Carcinogenes i s is a c ompl e x , m u l t i s t e p proces s that has beene x t e n s i v e l y reviewed b y Becker ( 1 9 8 1 ) , F o u l d s ( 1 9 6 9 , 1 9 7 5 ) , F a r b e r
( 1 9 8 2 ) , and F a r b e r and Cameron (1980).

M u l t i p l e f o c a l p r o l i f e r a t i o n s o f c e l l s ( h y p e r p l a s i a ) i n t arge t organsare common ear ly f e a t u r e s of carcinogenesi s and serve as s i t e s for
subsequent p r e m a l i g n a n t changes ( F a r b e r , 1982). S u c h f o c a l a l t e r a t i o n sgive c e l l p o p u l a t i o n s s e l e c t i v e growth and invasive p r o p e r t i e s ( C a i r n s ,
1975; F i a l k o w , 1976; F o u l d s , 1954; N o w e l l , 1976). The concept s o fi n i t i a t i o n and promot ion have been d e v e l o p e d to e x p l a i n t h i s proce s s inmany e xp er imen ta l m o d e l s and organ s y s t e m s , i n c l u d i n g skin, l i v er ,
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mammary g l a n d , c o l on , urinary b l a d d e r , and brain (Berenblum, 1941;
Boutwe11, 1974; P i t o t and S i r i c a , 1980).

I n i t i a t i o n is a change in the DNA of a c e l l induced by exposure to a
carcinogen. T h i s h e r i t a b l e a l t e r a t i o n can be p r o m o t e d u l t i m a t e l y t o
mal ignancy.

Promot ion is the proce s s whereby an i n i t i a t e d c e l l d e v e l o p s f o c a lp r o l i f e r a t i o n s } one or more of which may act as precur sor s for subsequents t e p s in the proce s s of carcinogenesis . Promotion creates a mi t og en i cenvironment that d i f f e r e n t i a l l y a f f e c t s i n i t i a t e d c e l l s * Somei n v e s t i g a t o r s s u s p e c t that many t i s s u e s or organs create a p h y s i o l o g i c a l
p r o m o t i n g or s e l e c t i n g environment. In the early s t a g e s , promo t i on canbe r ev er s i b l e , but it e v e n t u a l l y br ings about the p h e n o t y p i c changesneeded to s t a b i l i z e the charac t e r i s t i c s e xh i b i t ed by cancer c e l l s ( T r o s k oand C h a n g , 1980). By s t i m u l a t i n g a p r e m a l i g n a n t or i n i t i a t e d c e l l top r o l i f e r a t e , the proc e s s o f promot ion a l s o enhances the p r o b a b i l i t y thata d d i t i o n a l g e n e t i c errors w i l l occur ( P o t t e r , 1981; T r o s k o and C h a n g ,1980).

P r o m o t i o n a p p e a r s to occur a f t e r removal of c e l l s , e.g., as theresult of a surgical procedure or the i n f l i c t i o n of a wound (Pound and
M c G u i r e , 1 9 7 8 ) ; a f t e r p h y s i c a l i r r a d i a t i o n ( A r g y r i s a n d S l a g a , 1 9 8 1 ) ;a f t e r c e l l d e a t h ( F r e i , 1 9 7 6 ) ; or upon exposure to exogenous noncytotoxicc h e m i c a l s ( T r o s k o and C h a n g , 1980), endogenous c h e m i c a l s , e.g., hormones( Y a g e r and Y a g e r , 1980), or s o l i d o b j e c t s , e.g., small p l a s t i c squares
( B r a n d , 1 9 8 2 ) . Some current views on promo t i on and promot er s have beenshaped by s t u d i e s in which cro ton oil and its ac t ive a g e n t ,
12-0- t e t rade canoylphorbo l -13-ac e ta t e (TPA) were used in a mouse skin t e s t
sy s t em.

Both chemical and p h y s i c a l tumor p r o m o t e r s have been shown to inducea c o n s t e l l a t i o n of b iochemical and c e l l u l a r r e spon s e s (Diamond et a l . ,1978). Depending on the ce l l t y p e , chemical tumor promoters can induceor inhib i t normal d i f f e r e n t i a t i o n (Diamond et a l . , 1978) or a l t e r thep r o l i f e r a t i o n of c e l l s in a given t i s sue ( Y u s p a e_t a_l^., 1982).
One of the impor tant biochemical markers of c e l l d iv i s i on isincreased syn th e s i s of p o l y a m i n e s , which is o f t e n d e t e c t e d as an increasein the a c t i v i t y o f orni thine d e c a r b o x y l a s e ( O D C ) — a r a t e - l i m i t i n g enzymein the b io synthe s i s of po lyamines . The induc t i on of ODC is r e l a t edd i r e c t l y to t umor-promo t ing a c t i v i t y of a number of c ompounds in mouseskin ( O ' B r i e n , 1976).
When a p p l i e d to the skin of r o d e n t s , c l a s s i c a l tumor promo t e r s ( e . g . ,phorbol e s t e r s ) al so cause i n f l a m m a t o r y changes and i n f i l t r a t i o n ofp o l y m o r p h o n u c l e a r l eukocy t e s ( P M N s ) a n d macrophage s . T h e s e c e l l s r e l ea s e

oxygen f r e e r a d i c a l s — r e a c t i v e by-product s of oxygen that causep e r o x i d a t i o n of membranes and other macromol e cu l e s ( M e C o r d and W o n g ,1979).
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D e t a i l e d reviews of tumor p r o m o t i o n have been p r e p a r e d by H e c k e r et

al. ( 1 9 8 2 ) and by S l a g a e_t «l. ( 1 9 7 8 ) .

I n t e r a c t i o n o f A s b e s t i f o r m F i b e r s w i th P N A
M u t a g e n i c i t y is the a b i l i t y of a chemical or p h y s i c a l agent to induce

p ermanen t , t r a n s m i s s i b l e change s in the charac t e r of a gene by m o d i f y i n g
the DMA. T h i s event is be l i eved by many to be an i n i t i a t i n g s t e p in the
p r o c e s s o f car e inogene s i s .

Daniel (in p r e s s ) has p r e p a r e d a review of in vi tro t e s t s tha t have
been conduc t ed wi th a s b e s t i f o r m f i b e r s t o de t ermine their p o t e n t i a l f o r
r o u t a g e n i c i t y a n d other t y p e s o f i n t e r a c t i o n w i th D N A . I n b a c t e r i a l
a s s a y s , such a s the Ames S a l m o n e l l a microsorae a s say , UICC r e f e r e n c es a m p l e s o f a s b e s t o s , s u p e r f i n e C a n a d i a n f i b e r s , a n d f i b r o u s g l a s s have
not shown t n u t a g e n i c a c t i v i t y ( C h a m b e r l a i n and T a r m y , 1977; L i g h t and Wei ,
1980). The i n v e s t i g a t o r s b e l i eve that t h e s e n e g a t i v e r e s u l t s may be
a t t r i b u t a b l e t o th e l a c k o f f i b e r u p t a k e by b a c t e r i a l c e l l s .

Chromosome aberra t ions and chromat id breaks have been observed a f t e rc h r y s o t i l e and c r o c i d o l i t e a s b e s t o s have been a d d e d to rodent c e l l l ines
( L a v a p p a e_t^ a_l., 1 9 7 5 ) , but not a f t e r the a d d i t i o n o f f i b r o u s or powdered
g l a s s ( S i n c o c k a n d S e a b r i g h t , 1 9 7 5 ) . H u a n g ( 1 9 7 9 ) d e m o n s t r a t e d thatc h r y s o t i l e , c r o c i d o l i t e , and amos i t e are m u t a g e n i c to the
h y p o x a n t h i n e - g u a n i n e p h o s p h o r l b o s y l t r a n s f e r a s e ( H G P R T ) locus o f Chine s e
hams t e r lung f i b r o b l a s t s . However , the rate s o f induced m u t a t i o n were
low, and the c o n c l u s i o n s drawn by H u a n g are s t r o n g l y d e p e n d e n t on the
method of s t a t i s t i c a l ana ly s i s used in t h i s s t u d y . Moreover, ne i ther
c h r y s o t i l e , c r o c i d o l i t e , nor amos i t e was mutageni c in rodent l iver
e p i t h e l i a l c e l l s ( R e i s s e£ a_K, 1982). A l t h o u g h amosite and c r o c i d o l i t ep r o d u c e d smal l increases in s i s t e r chromat id exchange (SCE) in Chinese
hamster ovary c e l l s ( L i v i n g s t o n e j t al^, 1980), the V79-4 Chine s e hams t erl u n g c e l l l ine and c u l t u r e d m e s o t h e l i a l c e l l s d id no t exhib i t a l t e r e d SCEl e v e l s a f t e r expo sure t o c r o c i d o l i t e a n d c h r y s o t i l e , r e s p e c t i v e l y ( K a p l a n
e£ £l^., 1980; P r i c e - J o n e s ejt a_l. , 1980). F u r t h e r m o r e , in tracheali e p i t h e l i a l c e l l s , c h r y s o t i l e and c r o c i d o l i t e did not cause breakage of

| DNA, as measured by a l k a l i n e e l u t i o n (Mos sman ££.£!,•» 1983b).
? R e s u l t s of s t u d i e s by S i n c o c k ( 1 9 7 7 ) and Lechner and c o l l e a g u e s

( 1 9 8 3 ) sugge s t that human c e l l s are r e l a t i v e l y r e s i s t a n t to DNA damage byasbes tos . N e i t h e r c r o c i d o l i t e , S F A c h r y s o t i l e , n o r g l a s s f i b e r s induceschromosome aberrat ions in human l y m p h o c y t e s or f i b r o b l a s t s ( S i n c o c k ,
. 1 9 7 7 ) , a l t h o u g h the number of chromat id and chromosome breaks increasesin f r e s h l y i s o l a t e d human l y m p h o c y t e s e xpo s ed to Rhode s ian c h r y s o t i l eI ( V a l e r i o e j t a K , 1980). I n another s t u d y , U I C C c h r y s o t i l e , a m o s i t e , a n d| c r o c i d o l i t e did not a p p e a r to cause DNA strand breakage in humani bronchial organ c u l t u r e s (Lechner e_£ al . , 1983).
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Tumor Promotion

P r o p e r t i e s of tumor promo t e r s have been e x t e n s i v e l y reviewed and
d i s c u s s e d ( F a r b e r , 1982; H e c k e r e t a l . , 1982; S l a g a e t a l . , 1 9 7 8 ) . In
s t u d i e s o f c u l t u r e d t r a c h e a l e p i t h e l i a l c e l l s f r o m hams t e r s , Mossman e t
a^. ( 1 9 7 7 , 1980a,b, 1 9 8 3 a , b ) , Mos sman and C r a i g h e a d ( 1 9 8 1 ) , and W o o d w o r t he t a l . ( 1 9 8 3 a , b ) have d e m o n s t r a t e d that several d i f f e r e n t t y p e s o f
a s b e s t i f o r m f i b e r s e xh ib i t th e p r o p e r t i e s o f tumor promoter s . Both l ong
(>10 ym) and short (<2 ym) c h r y s o t i l e and c r o c i d o l i t e f i b e r s in t e rac t
w i t h t h e membranes o f d i f f e r e n t i a t e d s u p e r f i c i a l e p i t h e l i a l c e l l s i n
organ cu l ture . Shor t f i b e r s are p h a g o c y t i z e d s u c c e s s f u l l y and are
observed t h e r e a f t e r in basal e p i t h e l i a l c e l l s ( p r e s u m a b l y t h e p r o g e n i t o r s
of car c inoma); l o n g e r a s b e s t o s f i b e r s are e n v e l o p e d by membranes, but
a p p e a r i n c a p a b l e o f being p h a g o c y t i z e d ( M o s s m a n e£ a_l., 1977; W o o d w o r t he_£ a_l. , 1983). T h i s l a t t e r phenomenon occurs c o n c o m i t a n t l y wi th r e l ea s e
of the oxygen f r e e r a d i c a l , s u p e r o x i d e , into c u l t u r e medium ( M o s s m a n andLandesman, 1983).

A f t e r e xpo sur e to amos i t e or c r o c i d o l i t e a s b e s t o s , there are
increa s e s in the i n c o r p o r a t i o n of ^ H - t h y m i d i n e (an i n d i c a t i o n of DNAs y n t h e s i s ) and basal c e l l h y p e r p l a s i a in tracheal e p i t h e l i a l c e l l s in
vitro. The m o r p h o l o g i c a l changes were pr even t ed by the a d d i t i o n of
vi tamin A, which has been a s s o c i a t e d w i th the r educ t i on of cancer
inc idence in a number of s t u d i e s in roden t s ( M o s s m a n ejt a_l^, 1980a).
Enhanced u p t a k e of ^H-thymid ine and m o r p h o l o g i c changes have a l s o been
observed in monolayers o f tracheal e p i t h e l i a l c e l l s exposed to e i ther
c r o c i d o l i t e or c h r y s o t i l e ( L a n d e s m a n and Mossman, 1982).

Some a s b e s t i f o r m f i b e r s have been observed to a l t e r normal e p i t h e l i a lc e l l f u n c t i o n . F o r e x a m p l e , c r o c i d o l i t e , a m o s i t e , a n d f i b r o u s g l a s sf a c i l i t a t e t h e p r o g r e s s i o n o f basal c e l l h y p e r p l a s i a t o squamous
m e t a p l a s i a , i.e., the conversion of a d i f f e r e n t i a t e d e p i t h e l i u m to a
squamous c o r n i f i e d l a y e r r e s emb l ing skin ( M o s s m a n ££. a_l., 1978, 1980b;
W o o d w o r t h e£ al^, 1 9 8 3 a , b ) . C h r y s o t i l e f i b e r s induce s i g n i f i c a n t
increases in squamous m e t a p l a s i a , but high c onc en tra t i on s of l ong f i b e r s
cause permanent d e s t r u c t i o n o f the mucosa. Ground g l a s s , a t t a p u l g i t e ,and n o n f i b r o u s a n a l o g s of a s b e s t o s ( e . g . , r i ebecki t e and a n t i g o r i t e )neither cause squamous m e t a p l a s i a nor s t i m u l a t e DNA synthe s i s ( W o o d w o r t he £ a K , 1983a).

C h r y s o t i l e , c r o c i d o l i t e , and f i b r o u s g l a s s induce ODC and s t i m u l a t ec e l l d iv i s i on in tracheal e p i t h e l i a l c e l l s in a d o s a g e - d e p e n d e n t f a s h i o n
( L a n d e s m a n and M o s s m a n , 1 9 8 2 ) , whereas these changes do not occur a f t e rexposure t o non f i brou s c r o c i d o l i t e (e .g . , r i e b e c k i t e ) , c h r y s o t i l e ( e . g . ,a n t i g o r i t e ) , g l a s s p a r t i c l e s , or hemat i t e (Mos sman, personalcommunicat ion, 1983). T h e s e e xper iment s sugge s t that f i b r o u s g l a s se x h i b i t s some p r o m o t e r l i k e f e a t u r e s in v i t ro , but e xper iment s e x p l o r i n gt h i s phenomenon in whole animals are lacking.
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I n V i t r o S t u d i e s wi th M e s o t h e l i a l C e l l s

The in t e rac t i on of r a e s o t h e l i a l c e l l s and a sbe s t o s f i b e r s has beens t u d i e d in v i tro to i n v e s t i g a t e the g ene s i s o f m e s o t h e l i o m a ( A l l i s o n ,
1 9 7 3 ; Domagala and K o s s , 1977; J a u r a n d e£ a_l., 1979c; R a j a n and Evans,
1973; R a j a n e t a l . , 1972; reviewed in W h i t a k e r e j t a_l . , 1982). C h r y s o t i l ea s b e s t o s (1-2 \jt* l e n g t h ) i s i n g e s t e d by c u l t u r e d m e s o t h e l i a i c e l l s in
both organ and monolayer c u l t u r e s , whereas it is unc l ear whether l a r g e r
f i b e r s a r e p h a g o c y t i z e d ( A l l i s o n , 1973; J a u r a n d e j : a_l., 1 9 7 9 c ) . A f t e ri n t r o d u c t i o n in to c u l t u r e s o f p l e u r a , c r o c i d o l i t e causes p r o l i f e r a t i o n o f
c e l l s in a manner s i m i l a r to tha t observed in t rachea l organ c u l t u r e s
( R a j a n e£ al . , 1 9 7 2 ) .

I n t e r a c t i o n s Between F i b e r s a n d P o l y c y c l i c A r o m a t i c H y d r o c a r b o n s ( P A H s )
Because PAHs are i n c o m p l e t e p r o d u c t s o f c o m b u s t i o n , they are

u b i q u i t o u s in the urban environment and are f o u n d in a s s o c i a t i o n w i t h
various t y p e s o f a t m o s p h e r i c a e r o s o l s ( P i e r c e and K a t z , 1 9 7 5 ) . A number
of i n v e s t i g a t o r s have e x p l o r e d the p o s s i b i l i t y that f i b e r s and p a r t i c l e s
may act as "carriers" of the s e PAHs into the c e l l s of the r e s p i r a t o r y
t r a c t .

Equal m i l l i g r a m amounts o f c r o c i d o l i t e a s b e s t o s , carbon, h e m a t i t e ,and k a o l i n have been compared for t h e i r a b i l i t y to bind and r e l ea s e the
r a d i o l a b e l e d P A H , 3 - m e t h y l c h o l a n t h r e n e ( 3 M C ) , into c u l t u r e medium
( M o s s m a n and C r a i g h e a d , 1 9 8 2 ) . A s b e s t o s n e i t h e r adsorbed more 3MC nor
e l u t e d g r e a t e r amounts o f th e hydrocarbon than d id th e o ther m a t e r i a l s .
H o w e v e r , when t e s t e d for r e l e a s e o f PAH to a r t i f i c i a l membranes or
mi cro s ome s , a s b e s t o s f i b e r s a p p e a r to be more e f f e c t i v e than then o n f i b r o u s m a t e r i a l s t e s t e d ( L a k o w i c z and S e v a n , 1980; Lakowicz e t a l . ,1 9 7 8 a , b ) .

T h e a s s o c i a t i o n o f P A H wi th t h e f i b e r s u r f a c e b e f o r e t h e f i b e r s a r e
a d d e d t o t r a c h e a l e p i t h e l i a l c e l l c u l t u r e a p p e a r s t o b e c r i t i c a l t of i b e r - i n d u c e d c e l l u l a r u p t a k e o f t h e hydrocarbon. F o r e x a m p l e , increaseduptake and r e t en t i on of r a d i o l a b e l e d b enzo(a)pyrene ( B P ) have not beenobserved wi th f i b r o u s g l a s s , a p o o r l y a d s o r p t i v e f i b e r , or when BP isa d d e d 1 hour a f t e r the a d d i t i o n o f a s b e s t o s (Eas tman e t_ a_!i., 1983;M o s s m a n et a l . , 1983b).

C O N C L U S I O N S
A s b e s t i f o r m F i b e r s ; I n i t i a t o r s a n d / o r Promoters o f Lung Tumor s?

A s b e s t i f o r m f i b e r s do not seem to damage DNA d i r e c t l y ( F o r n a c e , 1982;
H a r t e££l.., 1979; H a u g e n e£ a J U , 1982; Mossman e£ aU, 1983b) or to actas mutagens ( C h a m b e r l a i n and T a n n y , 1977; Reiss e£ a i l . , 1982). T h u s , the
role of a s b e s t o s in the i n i t i a t i o n of lung tumors is qu e s t i onab l e . Some
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i n v e s t i g a t o r s have observed a weak mutagen i c r eac t ion ( H u a n g , 1979; H u a n gejt £ l . , 1978) that could a l s o be i n t e r p r e t e d as i n d i c a t i n g an e p i g e n e t i c
reac t ion ( I s o b e ej t aK, 1982). The term e p i g e n e t i c i s used here to
d e f i n e the a l t e r a t i o n of the e x p r e s s i o n , not the i n f o r m a t i o n , o f genes.In other word s , it is the r e p r e s s i o n or d e r e p r e s s i o n of g e n e t i c
i n f o r m a t i o n .

One p o s s i b l e e x p l a n a t i o n of a s b e s t o s - f a c i l i t a t e d c a r e i n o g e n e s i s i sthat PAHs (known i n i t i a t o r s o f c a r c i n o g e n e s i s ) are more e f f i c i e n t l y
t r a n s f e r r e d to the targe t c e l l s because they adhere to the a s b e s t o s
f i b e r s (Eastman e£ a j l . , 1983; Mossman e£ al., 1983b). Lung tumorsg e n e r a l l y do no t a p p e a r a f t e r a s b e s t o s i s i n t r a t r a c h e a l l y i n s t i l l e d intor o d e n t s , bu t th ey do a p p e a r when PAHs are ad sorbed to f i b e r s b e f o r ei n s t i l l a t i o n ( M i l l e r e _ £ a K , 1965; S h a b a d e j t a _ l . , 1974; S m i t h e t a l . ,1968). H o w e v e r , smal l numbers of tumors of the r e s p i r a t o r y t rac t have
been observed a f t e r i n h a l a t i o n of UICC s a m p l e s o f a sbe s to s by rats( W a g n e r e£ al., 1974). The i n t e r p r e t a t i o n of these s t u d i e s i sc o m p l i c a t e d by the f i n d i n g that the s e r e f e r e n c e s t a n d a r d s o f a s b e s t o s may
be contaminated wi th PAH ( H a r i n g t o n , 1962).

T h e s t i m u l a t i o n o f c e l l p r o l i f e r a t i o n b y a s b e s t i f o r m f i b e r s m a y
r e su l t in the p r o m o t i o n o f i n i t i a t e d e p i t h e l i a l c e l l s l i n i n g the
airways. In s u p p o r t o f the h y p o t h e s i s that a s b e s t o s i s a tumor p r o m o t e r ,T o p p i n g and N e t t e s h e i m ( 1 9 8 0 ) have shown tha t a s b e s t o s has a p r o m o t i n g
e f f e c t in rodent tracheal g r a f t s e x p o s e d s e q u e n t i a l l y t o an i n i t i a t i n gPAH and then to c h r y s o t i l e . In these s t u d i e s , a s b e s t o s increased the
incidence of tumors obtained with small amounts of the PAH, a l t h o u g h the
a s b e s t o s was not carc inogenic when a d m i n i s t e r e d by i t s e l f . However , when
a s b e s t o s was a p p l i e d to t ra ch ea l g r a f t s in 1 0 - f o l d h igher amounts , a lowincidence ( 5 % ) of squamous c e l l carcinoma was observed ( T o p p i n g e t a l . ,
1980). A l t h o u g h t h i s l a t t e r ob s ervat ion might be i n t e r p r e t e d as
i n d i c a t i n g a weak i n i t i a t i n g or carc inogenic p o t e n t i a l of a s b e s t o s , i t
seems to be a common f e a t u r e of many p r o m o t e r s ( I v e r s e n and I v e r s e n ,
1 9 7 9 ) .

A d d i t i o n a l evidence that a s b e s t o s a c t s as a promo t e r is p r o v i d e d byh i s t o l o g i c a l observat ions of h y p e r p l a s i a and m e t a p l a s i a in organ c u l t u r e s
o f t h e r e s p i r a t o r y tract a f t e r expo sure t o a s b e s t i f o r m f i b e r s ( L a n d e s m a n
and Mos sman, 1982; Mossman and C r a i g h e a d , 1974; Mos sman ejt al., 1980b;W o o d w o r t h e j t a_l., 1983a,b , c). In a d d i t i o n , the d o s a g e - d e p e n d e n ti n d u c t i o n of ODC in tracheal e p i t h e l i a l c e l l s has been seen a f t e ra d d i t i o n of c h r y s o t i l e and c r o c i d o l i t e , but not a f t e r e xpo sure to then o n a s b e s t i f o r m p a r t i c l e hemat i t e (Landesman and Mossman, 1982). Theincrease in enzyme i n d u c t i o n occurs c o n c o m i t a n t l y w i th a m i t o g e n i cre sponse as measured by up take of ^H-thymid ine .

The a c cumula t i on of macrophage s and i n f l a m m a t o r y c e l l s in the air
space s of rodents a f t e r inha la t i on of a sbe s to s a p p e a r s to be s imi lar to
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e f f e c t s observed i n t h e skin a f t e r a p p l i c a t i o n o f phorbo l e s t er s ( G e e ,1980; H a m i l t o n , 1980). I s o l a t e d m a c r o p h a g e s and p o l y m o r p h o n u c l e a rl eukocy t e s emit oxygen f r e e r a d i c a l s into medium and are c h e m i l u m i n e s c e n ta f t e r exposure to a s b e s t o s in v i t r o (Gaumer e£ a_l., 1 9 7 9 ) . One mightassume that these react ive s p e c i e s are i n j u r i o u s to mucosal airways.A g a i n , the l e n g t h o f the f i b e r a p p e a r s t o b e c r i t i c a l t o the c e l l u l a r
re spons e in t h a t a d d i t i o n o f s u p e r o x i d e d i s m u t a s e (an enzyme c o n v e r t i n g
t h e s u p e r o x i d e r a d i c a l t o H £ 0 2 a n d D £ ) t o t r a c h e a l e p i t h e l i a l c e l l s
p r e v e n t s the membrane damage caused by long (>10 urn), but not short
( < 2 p m ) , c h r y s o t i l e f i b e r s ( M o s s m a n a n d L a n d e s m a n , 1983). R e t i n y lmethy l e t h e r , a s y n t h e t i c v i t amin A t h a t b l o c k s the a c t i o n of at l e a s t
some p r o m o t e r s ( V e n n a et â ., 1 9 8 2 ) , i n h i b i t s a s b e s t o s - i n d u c e d e p i t h e l i a l
change s in organ c u l t u r e of hams t e r t rachea ( M o s s m a n e_£ j r l . , 1980a).

T a k e n t o g e t h e r , t h e s e r e s u l t s ar e c o n s i s t e n t wi th t h e h y p o t h e s i s t ha t
c e r t a i n a s b e s t i f o r m f i b e r s may act in lung cancer in a manner s i m i l a r to
o ther known chemica l and p h y s i c a l a g e n t s t h a t have the p r o p e r t i e s o f
tumor p r o m o t e r s . Some e x p e r i m e n t s have s u g g e s t e d that p r o m o t e r s may
e x h i b i t a t h r e s h o l d c o n c e n t r a t i o n be low which they do not exert t h e i r
t u m o r - p r o m o t i n g e f f e c t s ( P e r a i n o e_£ a±., 1980; Verraa and B o u t w e l l ,
1980). H o w e v e r , there i s no e x p e r i m e n t a l evidence of a t h r e s h o l d for

• car c inogen i c e f f e c t s o f a s b e s t o s . In C h a p t e r 7 , a l inear n o n t h r e s h o l d
< model is used for risk a s s e s sment .
, I n i t i a t e d c e l l s in th e lung c ou ld b e s t i m u l a t e d t o p r o l i f e r a t e a f t e r
| e x p o s u r e to a s b e s t i f o r m f i b e r s e i t h e r by a membrane- tr iggered r e sponse or

by a c y t o t o x i c r e spon s e . F i b e r s l o d g e d in c e l l s m i g h t act as cont inuousi p r o m o t i n g s t i m u l i ,l
A s b e s t i f o r m F i b e r s ; I n i t i a t o r s a n d / o r P r o m o t e r s o f M a l i g n a n t
M e s o t h e l i o m a ?

The p a t h o g e n e s i s and e t i o l o g y o f r a e s o t h e l i o m a , a tumor a r i s i n g f r o m
t h e membranes e n c l o s i n g t h e body c a v i t i e s , d i f f e r f r o m those o f l u n g
cancer. T h e r e is no p o s i t i v e a s s o c i a t i o n be tween smoking and the
d e v e l o p m e n t of m e s o t h e l i o m a in a s b e s t o s workers ( C r a i g h e a d and M o s s m a n ,
1982; Hammond e£ a _ K , 1 9 7 9 ) , and p r i o r e x t r a c t i o n of PAH f r o m a s b e s t o s
does no t a p p e a r t o d i m i n i s h tumor inc idence a f t e r i n j e c t i o n o f f i b e r s
into the body c a v i t i e s o f r o d e n t s ( W a g n e r e t a l . , 1 9 7 3 ) . S t u d i e s by
Brand and c o l l e a g u e s ( B r a n d , 1982; Brand et a_l., 1 9 7 5 a , b ) and by Davis( 1 9 7 1 , 1974a ,b) prov id e some in s igh t into th e d e v e l o p m e n t o f t h i s l e s i o n .

A f t e r i n j e c t i o n into t h e p l e u r a l o r p e r i t o n e a l c a v i t y o f r o d e n t s ,l o n g e r f i b e r s cause an i m m e d i a t e but chronic f o r e i g n body r e spon s e ,p r e s u m a b l y because of the ir i n a b i l i t y to be p h a g o c y t i z e d by re s identmacrophage s . Abnormal m e s o t h e l i a l c e l l s w i t h an increased m i t o t i c indexhave been observed w i th in a th i ckened f i b r o t i c p l e u r a ( J a g a t i c e t a l . ,1967). S t u d i e s by Davis ( 1 9 7 4 b ) s u g g e s t that tumors arise f r o m
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u n d i f f e r e n t i a t e d mesenchymal c e l l s j u s t b e l ow t h e m e s o t h e H u m . T h e s e
c e l l s re tain th e i r normal p l e i o m o r p h i c a p p e a r a n c e o r d i f f e r e n t i a t e into
e i ther e p i t h e l i a l - l i k e ( m e s o t h e l i a l ) c e l l s o r s p i n d l e - s h a p e d c e l l s . T h i s
h y p o t h e s i z e d or ig in could e x p l a i n t h e h i s t o l o g i c a l v a r i a b i l i t y o f tumors
in humans and animal s* since m e s o t h e l i o m a s commonly conta in c e l l s of b o t he p i t h e l i a l and mesenchymal t i s s u e origin. Other i n v e s t i g a t o r s haves u g g e s t e d that tumors arise f r o m m u l t i p o t e n t i a l m e s o t h e l i a l c e l l s t ha tcan e x p r e s s al l the var iab l e s t r u c t u r a l p a t t e r n s observed in th e s en e o p l a s m s ( M a x i m o v , 1927; S t o u t and M u r r a y , 1942, W h i t a k e r e_t aK , 1 9 8 2 ) .

A s b e s t i f o r m F i b e r s : P o s s i b l e Mechani sms o f F i b r o s i s
During d e v e l o p m e n t o f f i b r o s i s ( i . e . , a s b e s t o s i s ) , t h e normal

a r c h i t e c t u r e of the t erminal airways and air s p a c e s is a l t e r e d byexce s s ive d e p o s i t i o n o f f i b r o u s t i s sue . F i b r o s i s can a l s o occur in thep l e u r a .
The sequence o f c e l l u l a r events tha t a p p e a r t o t r i g g e r th e onset o ff i b r o s i s has been h y p o t h e s i z e d on the ba s i s of ob s ervat ions in a n i m a l s

a f t e r i n h a l a t i o n o r i n t r a t r a c h e a l i n s t i l l a t i o n o f a s b e s t o s . D e p o s i t i o n
of f i b e r s in the t e rmina l bronch io l e s and a l v e o l a r d u c t s — t h e s i t e s where
f i b r o s i s f i r s t a p p e a r s i n humans ( C r a i g h e a d a n d M o s s m a n , 1 9 8 2 ) — o c c u r s
w i th a rap id i n f i l t r a t i o n of m a c r o p h a g e s and an acute i n f l a m m a t o r y
r e spon s e (Gee , 1980). T h e s e ob s ervat ions s u g g e s t that a s b e s t o s and
p o s s i b l y other a s b e s t i f o r m f i b e r s d i s r u p t t h e normal p r o l i f e r a t i o n a n d
d i f f e r e n t i a t i o n o f lung f i b r o b l a s t s e i t h er by direc t i n t e r a c t i o n o f the
f i b e r s w i t h f i b r o b l a s t s o r v ia e f f e c t s on an i n t e r m e d i a r y c e l l t y p e , t h e
m a c r o p h a g e (or by b o t h m e c h a n i s m s ) . A g a i n , the o b s e rva t i on s summarizedabove are s i m i l a r to those r e p o r t e d for the mouse skin a f t e r e x p o s u r e to
chemical tumor p r o m o t e r s : i n f i l t r a t i o n o f m a c r o p h a g e s i s o b s e r v e d , and
h y p e r p l a s i a a n d / o r abnormal d i f f e r e n t i a t i o n occurs i n some c e l l t y p e s( Y u s p a e£ a_l . , 1982).

S U M M A R Y
E l u c i d a t i o n o f t h e p a t h o g e n i c i t y and mechanisms o f a s b e s t i f o r m f i b e r -

induced d i s ea s e i s c o m p l i c a t e d by the c o m p l e x i t y , d i v e r s i t y of s i z e s , andvariety of these ma t e r ia l s . The experimental r e s u l t s described aboveserved as a bas i s for T a b l e 6-1, which summarizes the r e l a t i o n s h i p s
between p r o p e r t i e s o f f i b e r s , th e i r e f f e c t s o n c e l l s , a n d d i s e a s e sas s o c ia t ed with a sb e s t o s .

F i b e r s grea t er than a p p r o x i m a t e l y 3 urn in d i a m e t e r are notr e s p i r a b l e ; they do not gain acces s to the r e s p i r a t o r y tract but may bei n g e s t e d .
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TABLE 6-1. P o s s i b l e M e c h a n i s m s of Disease I n d u c t i o n by

F i b r o u s M a t e r i a l s a t the C e l l u l a r Level

Relevant
Disease* F i b e r Property** E f f e c t o n T a r g e t C e l l s a n d / o r M a c r o p h a g e s
A 1, 2, 6 A d s o r b a n c e and t r a n s f e r of p o l y c y c l i c

aromatic hydrocarbons ( P A H s ) t o c e l l
membranes

A, C, D 1-7 D i s r u p t i o n of c e l l membranes ( i . e . , l y s i sand h e m o l y s i s ) and re l ea s e of c e l l enzymes
A, C 1, 2, 5 Re l ea s e of oxygen f r e e r a d i c a l s
A, B, C, D 1, 2, 3 I n d u c t i o n of p r o l i f e r a t i v e a l t e r a t i o n s

( e . g . , i n D N A , R N A , o r p r o t e i n s y n t h e s i s )
A, B, C, D 1, 2, 3 A l t e r a t i o n s in c e l l d i f f e r e n t i a t i o n
A, B, C, D 1, 3, 7 I n t e r a c t i o n w i t h DNA ( e . g . , chromosomal

changes or a l t e r a t i o n in normal DNA
r e p a i r )

B, C 1, 2, 5, 7 E f f e c t s on immune sy s t em ( e . g . ,
a c t i v a t i o n o f c o m p l e m e n t or c h e m o t a c t i cf a c t o r s )

a T h e l e t t e r s i n t h i s column r epr e s en t d i s e a s e s a s s o c i a t e d w i t h e x p o s u r et o f i b r o u s m a t e r i a l s :
A = Lung cancer
B = M e s o t h e l i o m a
C * F i b r o t i c lung d i s e a s e
D = G a s t r o i n t e s t i o n a l tumors

b T h e numbers in t h i s column r epre s en t the b i o l o g i c a l l y relevant f i b e rp r o p e r t i e s :
1 = R e s p i r a b i l i t y (<3 ym d i a m e t e r )234567

S i z e and a s p e c t ra t ioD u r a b i l i t yF l e x i b i l i t y a n d t e n s i l e s t r e n g t hChemical c o m p o s i t i o nS u r f a c e area
S u r f a c e charge
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A l t h o u g h data f r o m the m a j o r i t y of I n v e s t i g a t o r s show an increasedrisk of mesothel ioma with l o n g , thin f i b e r s in comparison to short ,

thick f i b e r s , there does not a p p e a r to be a cr i t i cal l e n g t h below whichf i b e r s have no carcinogenic p o t e n t i a l . For e xampl e , s tudies by K o l e v
(1982) and by Pot t and c o l l e a g u e s ( 1 9 7 2 , 1976) sugges t that amorphousasbestos and f i b e r s shorter than 5 pm are capable of inducing
mesothel ioma in rodents.

The r e su l t s o f inhala t i on exper iment s to d e t e rmine the impor tance o faspe c t ratio in inducing lung cancer are d i f f i c u l t to i n t e r p r e t becausethe f i b e r s in the aeroso l s are he t erogeneous with regard to size. Thes p e c i f i c e f f e c t s o f long versus short a sbe s to s f i b e r s o f one t y p e havenot been evaluated in comparative e xper iment s .
A l t h o u g h s tud i e s by Gardner (1942), Vorwald et al. (1951), andKuschner and V r i g h t ( 1 9 7 6 ) sugge s t that a s b e s t i f o r m f i b e r s l onger thana p p r o x i m a t e l y 10 pm are more active than shorter ones in inducingpulmonary f i b r o s i s , n o t a l l long f i b e r s ( e . g . , S a f f l l , f i b r o u s g l a s s )are f i b r o g e n l c . Moreover, some n o n f i b r o u s minerals (kaol in , s i l i c a ) aref i b r o g e n i c in humans ( H e p p l e s t o n , 1979).
A s b e s t o s f i b e r s may f r a g m e n t l o n g i t u d i n a l l y during pro c e s s ing orwithin the lung and thus increase in bo th number and s u r f a c e area. T h i sp r o p e r t y may enable more interaction of f i b e r s with ce l l s . Since directcell contact a p p e a r s e s s ent ia l t o a s b e s t i f o r m f i b er- induc ed d i s ea s e s ,the greater the surface area, the greater the l ike ly pathogenicp o t e n t i a l o f a f i b e r . F u r t h e r m o r e , i f p o l y c y c l i c aromatic hydrocarbons(PAHs) ad sorb t o f i b e r s a s a f u n c t i o n o f s u r f a c e area, f i b e r s compri s edof many f i b r i l s (as suming al l were ac c e s s i b l e to the PAH) would pr e s en ta greater s u r f a c e for a d s o r p t i o n than would a s ingle f i b e r . Under thesecircumstances, their (co)carc inogen i c a b i l i t y might be increased.
longer f i b e r s ( >ca 10 ym), which tend to be more p a t h o g e n i c , cannot

be removed e f f e c t i v e l y by p h a g o c y t i c macrophages . T h u s , their time ofresidence in the re spiratory tract might be greater than that of shorterf i b e r s . Moreover, longer f i b e r s a p p e a r to be more c y t o l y t i c than theshorter f i b e r s , which can be phagocy t i z ed c ompl e t e ly .
Durabi l i ty i s another f a c t o r that could account for pro l onged

retent ion of asbe s to s within the lung and other t i s sue s in comparisonwith a variety of other a s b e s t i f o r m mater ial s . A l t h o u g h leaching mayal t e r the compos i t i on of the f i b e r , asbes tos does not tend to d i s s o lv eas does glass . It is unclear whether the chemistry of asbes tos p l a y s adirect role in pa thogen i c i ty . However, since chemistry determines bothd u r a b i l i t y and s u r f a c e charge, the l a t t e r a f e a t u r e d i r e c t l y re la ted tocy to t ox i c i ty , chemistry may p l a y at least an indirect role.
Both inhalation and in vitro s tudie s indicate that asbestos is morepa thogen i c than a number of man-made mineral f i b e r s ( f i b r o u s g l a s s ,g la s s wool, rock wool). However, they f a i l to i d e n t i f y one t y p e ofa sbe s to s as more po t en t than others. Moreover, there have been few
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experiments to i d e n t i f y preci se dose-response r e la t i on sh ip s . Oneobvious conclusion is that there is i n t e r s p e c l e s variabi l i ty in responseto asbestos. T h u s , certain r o d e n t s , such as rats and Dice, appear to bea p p r o p r i a t e models for the s t u d y of carcinogenesis and f l b r o s i s , whereasothers (e .g . , guinea p i g s ) have d e v e l o p e d no obvious p a t h o l o g i c a l e f f e c tf r o m exposures to asbestos. D i f f e r e n t cultured cell type s ( e . g . ,e p i t h e l i a l , m e s o t h e l i a l , f i b r o b l a s t i c c e l l s ) also d i f f e r i n theirs u s c e p t i b i l i t y to the toxic e f f e c t s of asbestos. U n f o r t u n a t e l y , no in
vitro model s tudied to da t e has been p r e d i c t i v e of the f i b r o g e n i c orcarcinogenic p o t e n t i a l of f i b e r s . However , in vitro systems have beenh e l p f u l in e lu c ida t ing p o s s i b l e mechanisms of action of asbes tos . Theevidence that asbes tos may act as a gene or chromosomal mutagen is weakand inconclusive, but its a b i l i t y to f u n c t i o n as a tumor promoter atn o n c y t o l y t i c amounts and as a c y t o t o x i c agent at higher levels is welldocumented.

R E C O M M E N D A T I O N S
To increase our under s tand ing of the h ea l th hazards of a s b e s t i f o r mf i b e r s , a necessary f i r s t s t e p is to s t u d y the common physicalp r o p e r t i e s of these f i b e r s in re la t ion to their p a t h o g e n i c i t y in animalsand a b i l i t y to in jure c e l l s . A number of experiments are needed tor e la t e the physicochemical f e a t u r e s t o b i o l og i ca l e f f e c t s .
• In vitro and inhalation s t ud i e s should be conducted to te s t

whether the b i o l og i ca l e f f e c t s o f a s b e s t i f o r m f i b e r s are related totheir size and shape. T h e s e s t u d i e s should include as controlsa p p r o p r i a t e n o n f l b r o u s analogs of s imilar or ident i ca l chemicalcompos i t ion. "Positive" re sponses with n o n f l b r o u s analogs would be
evidence to suppor t the view that the chemical compos i t ion of asbestosis important in the deve lopment of disease. All pr epara t i on s shouldcontain f i b e r s of comparable and re spirable size.

• I n v e s t i g a t o r s comparing the pathogenic po t en t ia l of variousf i b e r s and par t i c l e s should d e f i n e c o m p l e t e l y the characteri s t ic s (i.e.,chemical c on s t i t u t i on , surface charge, c r y s t a l l i z a t i o n habi t ,c r y s t a l l o g r a p h y , and geometry) of their source materials . D i f f e r e n tpr epara t i on s of f i b e r s should be sized to obtain comparable sized i s t r i b u t i o n s , thus contro l l ing for this important variable.
• Where p o s s i b l e , concentrations of par t i c l e s should be documentedin all experimental systems.
There are also gaps in knowledge about such important s u b j e c t s asthe basic molecular mechanisms by which a s b e s t i f o r m f i b e r s induce cellk i l l i n g , alter d i f f e r e n t i a t i o n , or cause gene and chromosomal mutationsin various cells . The f o l l o w i n g experiments would be advantageous:
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• Dose-re sponse curves f o r a s b e s t i f o r m f i b e r - i n d u c e d c y t o t o x i c i t y ,

a l t e r e d f u n c t i o n , and p o s s i b l e m u t a g e n i c i t y in various human c e l l t y p e s
in vitro*

• E x p e r i m e n t s bo th in vivo and in v i t r o to d e t e r m i n e how variousa s b e s t i f o r o f i b e r s a c t s y n e r g i s t i c a l l y w i t h o ther environmental and host
f a c t o r s .

• T e s t i n g o f various a s b e s t i f o r m f i b e r s a s i n i t i a t o r s or p r o m o t e r s
in lung t i s su e . P r o t o c o l s might i n c l u d e :

1. S i n g l e i n h a l a t i o n expo sure to a s b e s t o s at various d o s e s ,
f o l l o w e d by a d m i n i s t r a t i o n of s u b s t a n c e s known to be p h y s i c a l orchemical p r o m o t e r s i n lung t i s s u e . T h e s e e x p e r i m e n t s c ou ld d e f i n e
f i b e r s as " i n i t i a t o r s " or as c o m p l e t e carc inogens ( t h o s e not r equ ir ing
exogenous p r o m o t e r s ) .

2. I n v e s t i g a t i o n s in a n i m a l s to examine the e f f e c t s o f s i n g l e and
m u l t i p l e i n h a l a t i o n e x p o s u r e s t o f i b e r s i n air, wat er , a n d f o o d s a f t e r
t r e a t m e n t wi th i n i t i a t o r s ( e . g . , do cumen t ed chemical and p h y s i c a l
c a r c i n o g e n s ) . T h e s e e x p e r i m e n t s would t e s t t h e a b i l i t y o f a s b e s t i f o r m
f i b e r s t o a c t a s p r o m o t e r s , a f t e r s i n g l e or m u l t i p l e e xpo sure s .

3. S t u d i e s to examine s i n g l e and m u l t i p l e i n h a l a t i o n e x p o s u r e s in a
range o f d u s t c o n c e n t r a t i o n s w i t h a d e q u a t e l y l a r g e numbers o f a n i m a l s in
each e x p e r i m e n t a l g r o u p . T h e s e a n i m a l s s hou ld b e f o l l o w e d through t h e i rl i f e s p a n , and a c o m p l e t e p a t h o l o g i c a l e x a m i n a t i o n s h o u l d be p e r f o r m e d a t
t ime of d e a t h . One would hope to e s t a b l i s h whe ther there are
d o s e - r e s p o n s e r e l a t i o n s h i p s f o r f i b r o s i s , m e s o t h e l i o m a , a n d lung tumors.

R e s u l t s f r o m these three t y p e s o f s t u d i e s s h o u l d improve ouru n d e r s t a n d i n g o f t h e r e l a t i o n s h i p between h e a l t h e f f e c t s a n dp h y s i c o c h e m i c a l p r o p e r t i e s o f a s b e s t i f o r m f i b e r s . T h i s could lead t o
p h y s i c o c h e m i c a l m o d i f i c a t i o n o f a s b e s t o s and r e l a t e d f i b e r s t o min imiz ethe ir u n d e s i r a b l e b i o l o g i c a l e f f e c t s o r , a l t e r n a t i v e l y , t o t h e s y n t h e s i s
o f s u b s t i t u t e s that p o s s e s s t h e u s e f u l p h y s i c o c h e m i c a l p r o p e r t i e s o f
a s b e s t o s bu t that lack i t s known adverse h e a l t h e f f e c t s .
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7Risk Assessment

E x p o s u r e , l a b o r a t o r y , and e p i d e m i o l o g i c a l d a t a p r o v i d e d e a r l i e r int h i s report are used in t h i s c h a p t e r to make q u a n t i t a t i v e and
q u a l i t a t i v e (or c o m p a r a t i v e ) a s s e s sment s of risks f r o m exposure toa s b e s t i f o r m f i b e r s . To p l a c e t h e d i s c u s s i o n in c o n t e x t , t h e c h a p t e r
b eg in s wi th a b r i e f general d i s c u s s i o n of risk as s e s sment and a few
s p e c i a l c o n s i d e r a t i o n s concerning a s b e s t o s and r e l a t e d f i b r o u s m a t e r i a l s .

V a r i o u s d i f f i c u l t i e s o f t e n l i m i t t h e accuracy a n d p r e c i s i o n w i t h
which risk to human h e a l t h can be e s t i m a t e d . N e v e r t h e l e s s , when thed a t a base i s g o o d , the risk e s t i m a t e s can be s u f f i c i e n t l y i n f o r m a t i v e toa id p o l i c y j u d g m e n t s . Some o f th e f a c t o r s that enhance the u s e f u l n e s s
of the d a t a i n c l u d e d o s e - r e s p o n s e i n f o r m a t i o n based on severala c c u r a t e l y known expo sure l e v e l s ; k n o w l e d g e o f p h y s i o l o g i c and m e t a b o l i c
f a c t o r s that a f f e c t exposure o f body t i s s u e s ; an u n d e r s t a n d i n g o f th e
mechanism by which the sub s tance r e s u l t s in t o x i c i t y ; knowl edge of the
extent to which e x p e r i m e n t a l s y s t e m s mimic the human r e s p o n s e ; and an
u n d e r s t a n d i n g of the p r o p e r t i e s o f a c o m p l e x and v a r i a b l e s ub s tanc e tha t
account f o r i t s t o x i c i t y .

Many of these issues a p p l y in the assessment of risk f r o m
a s b e s t i f o r m f i b e r s , which have varying p h y s i c a l and chemicalp r o p e r t i e s . Some members o f the c l a s s , the commonly used n a t u r a l l yoccurring f o r m s of a sb e s t o s , have been c l e a r l y shown to cause f i b r o s i sof the lung and p l e u r a as we l l as cancer of the l u n g , m e s o t h e l i u m , and
p o s s i b l y the g a s t r o i n t e s t i n a l tract in humans. Some o c cupa t i ona l d a t aon other f i b e r s are a l s o a v a i l a b l e , and c o n s i d e r a b l e numbers ofe xper imenta l s t u d i e s have been c o n d u c t e d . It is reasonable f r o m ab i o l o g i c a l viewpoint to use d a t a f r o m o c c u p a t i o n a l s t u d i e s to derive. e s t imat e s o f risk f r o m nonoc cupa t i onal exposure. However , d i f f e r e n c e sin route of expo sure , t y p e and c h a r a c t e r i s t i c s of f i b e r , exposurel e v e l s , and time p a t t e r n s must be c on s id er ed . Moreover, because workingp o p u l a t i o n s are g e n e r a l l y h e a l t h i e r than the p u b l i c at l a r g e , the l a t t e r
may contain a higher p r o p o r t i o n of more s u s c e p t i b l e i n d i v i d u a l s *

T H E P R O C E S S O F R I S K A S S E S S M E N T
The p r i n c i p l e s g u i d i n g th e as se s sment o f h e a l t h risks f r o menvironmental subs tances were r e c en t ly reviewed by a c o m m i t t e e of the
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N a t i o n a l Research Counci l ( 1 9 8 3 ) . T h e s e p r i n c i p l e s are summarized hereto provide a framework for a s s e s s ing the h e a l t h risks f rom exposure toa s b e s t i f o r a f i b e r s .

The numerous terms used t o d e s c r i b e d i f f e r e n t a s p e c t s o f risk
as se s sment i n c l u d e "hazard a s s e s sment , " "hazard i d e n t i f i c a t i o n , " "risk
assessment," " q u a l i t a t i v e risk as se s sment," "dose-response a s s e s sment , "
"comparative risk a s s e s sment ," " q u a n t i t a t i v e risk a s s e s sment ," and "riskcharacterizat ion." The use of these terms has not been s t a n d a r d i z e d .

Three c o n c e p t s are g e n e r a l l y i n c o r p o r a t e d into the risk assessment
process. F i r s t i s the i d e n t i f i c a t i o n of the kinds of harmfu l h e a l t h
e f f e c t s , e.g., anemia, b i r th d e f e c t s , or cancer, that can r e su l t f r o ms u f f i c i e n t exposure to a substance. Second is the dose-response curvef or a p a r t i c u l a r e f f e c t , i.e., th e s ever i ty o f damage a n d / o r th e
p e r c e n t a g e of p e o p l e or an imal s l i k e l y to be at various exposurel e v e l s . T h i r d i s the number of p e o p l e in a p a r t i c u l a r p o p u l a t i o n , e.g.,r e s i d e n t s of the U n i t e d S t a t e s or workers in a p a r t i c u l a r i n d u s t r y ,l i k e l y to be harmed under p a s t , p r e s e n t , or p r o j e c t e d l ev e l s andc o n d i t i o n s o f exposure .

In t h i s r e p o r t , the commit t e e has used "risk as se s sment" as a broad
term e n c o m p a s s i n g a l l three o f the se c o n c e p t s . "Hazard i d e n t i f i c a t i o n "r e f e r s to the f i r s t c o n c e p t , "dose-response" curves or r e l a t i o n s h i p s are
used in d i s c u s s i o n s of p a r t i c u l a r s e t s of d a t a , and "quant i ta t ive riskas se s sment" r e f e r s to the e s t i m a t e s of risk to humans derived bym a t h e m a t i c a l e x t r a p o l a t i o n s f r o m the s e d a t a . " P o p u l a t i o n risk
e s t i m a t e s " d e s c r i b e the e x p e c t e d f r e q u e n c y or inc id enc e of a h a r m f u l
e f f e c t in a s p e c i f i c group of humans under d e f i n e d c ond i t i on s ofexpo sure .

The amount and c o m p l e x i t y of i n f o r m a t i o n needed increase as we
p r o g r e s s f r o m hazard i d e n t i f i c a t i o n t o do s e-r e spons e asses sment t o
p o p u l a t i o n risk e s t i m a t i o n , a l though each s t e p b u i l d s on the pr e c ed ingone . H a z a r d i d e n t i f i c a t i o n charac t er ize s th e nature o f t ox i c e f f e c t sthat a substance is c a p a b l e of causing in labora tory animals or humans.Dose-re sponse curves based on e xp er imen ta l or e p i d e m i o l o g i c a lob s ervat ions d e f i n e the f r equency and somet imes the s everi ty of thesetoxic e f f e c t s at several level s of exposure.

The dose-response i n f o r m a t i o n is used in q u a n t i t a t i v e riske s t i m a t i o n . T h r o u g h mathemat i ca l m o d e l i n g and a p p l i c a t i o n of known
b i o l o g i c a l p r i n c i p l e s , a t t e m p t s are o f t e n made t o e s t i m a t e risk for dosel e v e l s , exposure c ond i t i on s , or specie s other than those for whichdo s e-re spons e d a t a have been ob ta ined . For e x a m p l e , q u a n t i t a t i v e risk
a s s e s smen t s o f t e n rely on dose-response d a t a f r o m s t u d i e s o f laboratoryanimal s exposed to r e l a t i v e l y high exposure l e v e l s in order to e s t i m a t ethe risk to humans exposed to lower l eve l s . A s s u m p t i o n s anduncertaint i e s involved in the a p p l i c a t i o n of quant i ta t ive riskassessment to cancer i n d u c t i o n have been d i s c u s s e d e x t e n s i v e l y ( F o o d
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S a f e t y C o u n c i l , 1980; I n t e r n a t i o n a l R e g u l a t o r y L i a i s o n G r o u p , 1979;O f f i c e o f T e c h n o l o g y A s s e s s m e n t , 1981). P o p u l a t i o n risk e s t i m a t e s br ingt o g e t h e r q u a n t i t a t i v e risk e s t i m a t e s and d a t a on exposure of a s p e c i f i c
group of humans to i d e n t i f y the ir risk under actual or a n t i c i p a t e d
expo sure c o n d i t i o n s .

The most relevant i n f o r m a t i o n for c a t e g o r i z i n g the hazard or the
dose-re sponse for humans i s derived f r o m s t u d i e s of exposed humans.U n f o r t u n a t e l y , evidence f rom thi s source is o f t e n unavai lable or
inconc lu s ive at t ime s when d e c i s i o n s about a c c e p t a b l e expo sure must bemade. Humans are e xpo s ed to so many d i f f e r e n t sub s tance s through f o o d ,m e d i c i n e s , air, water, hous eho ld m a t e r i a l s , and o c c u p a t i o n a l
environments that s o r t i n g out the causes of h a r m f u l e f f e c t s on h e a l t h i s
o f t e n d i f f i c u l t . Perhaps o f most importance i s the f a c t that evidenceof human h e a l t h hazard s f r o m s u b s t a n c e s in t roduc ed into our environment
cannot be ob ta ined d i r e c t l y f r o m ob s erva t i on s in humans unt i l p e o p l ehave been harmed.

For these reasons, evidence f rom labora tory animals or f r o m other
b i o l o g i c a l t e s t s y s t e m s is o f t e n used as an a l t e r n a t i v e or as a
s u p p l e m e n t to d a t a on humans. A s u b s t a n t i a l body of evidence has
d e m o n s t r a t e d t h e u t i l i t y o f the s e e x p e r i m e n t a l sy s t ems ( D o u l l e t a l . ,
1980; N a t i o n a l Research C o u n c i l , 1977; Richmond e£ a l . , 1981). A
variety of mathematical mode l s have been d e v e l o p e d for using da ta at
high d o s e s , u s u a l l y only a v a i l a b l e f r o m s t u d i e s in animal s , t o e s t i m a t eri sks for humans at low do s e s ( A r m i t a g e , 1982; C o r n f i e l d €£ a_l., 1978;Crump e£ a±., 1 9 7 6 ; F i s h b e i n , 1980; F o o d S a f e t y C o u n c i l , 1980; K r e w s k i
and Van Ryzin, 1981; Van Ryzin , 1980). Because there are e x t en s iv e d a t a
on the e f f e c t s of a s b e s t o s and some other f i b e r s in humans, the
q u a n t i t a t i v e risk a s s e s s m e n t s in t h i s c h a p t e r are based e x c l u s i v e l y on
d a t a f r o m e p i d e m i o l o g i c a l s t u d i e s in humans, whereas the c o m p a r a t i v e
risk a s s e s s m e n t s a l s o take into c o n s i d e r a t i o n d a t a f r o m l a b o r a t o r ys t u d i e s .

Every s c i e n t i f i c s t u d y or technique has some lower l imi t to itss e n s i t i v i t y . A s ens i t ive method in a n a l y t i c a l chemis try may be c a p a b l e
of d e t e c t i n g a few m o l e c u l e s of a p a r t i c u l a r chemical among a b i l l i o nother kinds of m o l e c u l e s but i n c a p a b l e of d e t e c t i n g a few among at r i l l i o n . The s e n s i t i v i t y of an animal tes t for t o x i c i t y is l imi t ed by
many f a c t o r s , such as the number of animal s that it is p r a c t i c a l tos t u d y , th e s u b t l e t y o f th e e f f e c t o f i n t e r e s t , th e occurrence o f s i m i l a r
e f f e c t s in animals not e xpo s ed to the mat er ia l under t e s t , andl i m i t a t i o n s on the amounts of material that can be admini s t er ed and onthe methods used to administer them.

Other d i f f i c u l t i e s l i m i t t h e power o f e p i d e m i o l o g i c a l s t u d i e s . F o re x a m p l e , i t i s o f t e n d i f f i c u l t t o s e l e c t a p p r o p r i a t e control g r o u p s ,e s t i m a t e expo sure , or d e t e c t h e a l t h e f f e c t s f r o m the exposures o f
concern, e s p e c i a l l y if the exposures are much lower than those thatoccur among o c c u p a t i o n a l groups .
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S e v e r a l k inds o f i n f o r m a t i o n are u s e f u l for e s t i m a t i n g risks at low

exposure l e v e l s on the basi s of ob s ervat ions at h igher exposure s . T h e s ei n c l u d e the shape of the do s e -r e spon s e curve in the range of expo sure ss t u d i e d , k n o w l e d g e o f the mechanism by which the t y p e o f toxic e f f e c toccurs, and i n f o r m a t i o n on d o s e - r e l a t e d changes in the u p t a k e ,d i s t r i b u t i o n , chemical or p h y s i c a l m o d i f i c a t i o n , and excre t ion of the
sub s tance , i.e., p h a r m a c o k i n e t i c s .

S u b s t a n c e s vary m a r k e d l y bo th in the q u a n t i t y required to p r o d u c e a
toxic e f f e c t and in the r a p i d i t y with which the incidence of toxic
e f f e c t s decrease s wi th d e c r ea s ing d o s e , i.e., the shape o f thedose-response curve. In an experiment covering a s u f f i c i e n t l y widerange of expo sure l e v e l s , i t i s p o s s i b l e to f i n d some l e v e l s that aretoxic and some lower l e v e l s at which no t o x i c i t y is observed. Theh i g h e s t dose at which no t o x i c i t y is seen is o f t e n c a l l e d the
"no-ob s erved-e f f e c t l evel ," or NOEL ( K l a a s s e n and D o u l l , 1980).
H o w e v e r , any experiment w i l l have some l i m i t in its s e n s i t i v i t y to smal l
e f f e c t s , and the true n o - e f f e c t - l e v e l , if any, may be b e low the NOEL in
a p a r t i c u l a r e xp er imen t .

T h e f u n d a m e n t a l a s s u m p t i o n u n d e r l y i n g t h e N O E L s a f e t y f a c t o ra p p r o a c h is that some minimal level of a t o x i c subs tance is required to
cause damage and that the sub s tance is not toxic be low that l e v e l . TheNOEL t y p e of experiment i s used to f i n d that l e v e l .

The maximum dose at which no t o x i c i t y would occur is c a l l e d the
"threshold" for that substance. However , several m a t h e m a t i c a l m o d e l s
for q u a n t i t a t i v e e s t i m a t i o n of cancer ri sk assume tha t there is no
t h r e s h o l d ; risk d imini she s with decrea s ing do s e , but some risk isassumed to remain as long as there is any exposure.

The d e t e r m i n a t i o n of which of these two a s s u m p t i o n s i s correct w i l lp r o b a b l y d epend on the nature of the toxic e f f e c t . T h u s , u n d e r s t a n d i n g
the mechanism of t o x i c i t y can p r o v i d e gu idanc e in s e t t i n g a c c e p t a b l eexposure l eve l s . For a substance that exerts it s toxic e f f e c t byi n a c t i v a t i n g an enzyme pre sent in abundance in each c e l l , it isreasonable to assume that a t h r e s h o l d would e x i s t . I n a c t i v a t i o n of afew m o l e c u l e s of the enzyme is u n l i k e l y to damage the c e l l . On theo th er hand, a chemical that is mutagenic or carcinogenic because itdamages some c r i t i ca l s i t e on a DNA m o l e c u l e that s t a r t s thecarcinogenic proce s s can reasonably be assumed not to have a t h r e s h o l d .The l i k e l i h o o d that a c r i t i ca l s i t e would be damaged would decrease with
de cr ea s ing dose , but the p o s s i b i l i t y that t h i s damage could occurremains at any exposure above zero.

For many e f f e c t s , the severity of the toxic e f f e c t , as well as thep r o b a b i l i t y that i t w i l l occur, a l s o decreases with dose. For e x a m p l e ,a dose that damages a high propor t i on of c e l l s in the liver may be
l e t h a l ; one that damages a moderate number may cause severe i l l n e s s butnot d e a t h ; a small dose that causes damage to a few c e l l s may not lead
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to any c l in i ca l symptoms . The error in as suming a t h r e s h o l d if none
truly e x i s t e d would g e n e r a l l y not be e x p e c t e d to lead to serious cases
of d i s ea s e in th i s s i t ua t i on .

By c o n t r a s t , the s ever i ty of cancer and of m u t a t i o n s is not r e l a t e d
to the dose of the sub s tance cau s ing them. Low dos e exposure to x-rays
or c i gar e t t e smoke causes f e w e r cancers than does high dose exposure ,but the r e s u l t i n g cancers are j u s t as l e t h a l . T h u s , a l t h o u g h there maybe some sub s tance s that show a t h r e s h o l d for cancer induc t ion ( H o e l et
a l . , 1 9 8 3 ) , an error in a s suming a t h r e s h o l d when none r e a l l y e x i s t swould severely harm those per sons who got the d i s ea s e d e s p i t e a low
exposure.

Accurate documentat ion of exposure i s important for d e t e rmin ing thedos e-re spons e curves for t o x i c i t y in animal s or humans and a l s o for
e s t i m a t i n g p o p u l a t i o n risks. Errors in the e s t i m a t i o n o f e xpo sure w i l l
lead to errors in d e f i n i n g the dose-re sponse curve and in makingq u a n t i t a t i v e risk e s t i m a t e s f o r i n d i v i d u a l s o r s p e c i f i c p o p u l a t i o n s .
The amount of a tox i c substance or its act ive m e t a b o l i t e that reachesthe body s i t e that i s s u s c e p t i b l e to i t s e f f e c t i s the e xpo sure that
accounts for t o x i c i t y , but such measures are a lmos t never a v a i l a b l e
( H o e l e£ al • > 1983). Other measurements, such as amounts in the b l o o d ,
amounts en t e r ing the b o d y , or c o n c e n t r a t i o n s in the air or water of a
community, are o f t e n u s e f u l s urroga t e s , but as noted earl ier in th i sr e p o r t , they ar e a l s o o f t e n u n a v a i l a b l e .

The s e n s i t i v i t y of the exposed p o p u l a t i o n i s another c o n s i d e r a t i o n
in the risk e s t i m a t i o n pro c e s s . Some i n d i v i d u a l s may be more s e n s i t i v e
than others to s p e c i f i c environmental i n s u l t s because of nu tr i t i ona l
d e f i c i e n c i e s , g e n e t i c p r e d i s p o s i t i o n , a n d f o r c h i l d r e n , smal l body s i z e ,
d e v e l o p m e n t a l i m m a t u r i t y , and increased m e t a b o l i c and r e s p i r a t o r y rate s
( C a l a b r e s e , 1978, 1980).

W i t h their rapid m e t a b o l i c rate , c h i l d r e n consume p r o p o r t i o n a t e l ymore f o o d and inhale grea t er volumes of air than an a d u l t for a givenbody we ight . T h u s , they would a l s o consume or inhale p r o p o r t i o n a t e l ymore of any contaminants that are present (Babich and Davis, 1981).Human i n f a n t s do not have mature h e p a t i c d e t o x i f i c a t i o n s y s t e m s u n t i lthey reach 2 to 3 months of age ( P e l k o n e n et a l . , 1973; Rane andAckerman, 1972). Serum immunoglobu l in does not a t t a i n a d u l t l e v e l sunt i l c h i l d r e n are 10 to 12 years old ( C a l a b r e s e , 1978). S t u d i e s inanimals have al so demons tra t ed a greater s e n s i t i v i t y among the young
a f t e r exposure to ch emica l s by a var i e ty of routes ( G o l d e n t h a i , 1971).C h i l d r e n ' s lungs may a l s o be e s p e c i a l l y s en s i t ive to environmentalp o l l u t a n t s . T a g e r £t £l . ( 1 9 8 3 ) have observed measurable d i f f e r e n c e s inlung f u n c t i o n between c h i l d r e n of smoking mothers and c h i l d r e n whosemothers did not smoke.
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P o p u l a t i o n risk e s t i m a t i o n i s based on al l the p r e c e d i n g a t e p s .F i r s t , the exposure of the s t u d y p o p u l a t i o n oust be known.H e t e r o g e n e i t y o f the p o p u l a t i o n w i th r e sp e c t to level o f e xpo sure or

s e n s i t i v i t y to the t ox i c ma t e r ia l s hou ld a l s o be c o n s i d e r e d in thec a l c u l a t i o n s . Exposure , dose-response curves, d i s t r i b u t i o n o fs e n s i t i v i t y f a c t o r s , and the size of the p o p u l a t i o n are then used to
e s t imate th e number o f p e o p l e l i k e l y t o s u f f e r toxic e f f e c t s f r om thesub s tance o f i n t e r e s t . If the m a t e r i a l causes more than one t y p e o f
tox i c e f f e c t , each e f f e c t requires s e p a r a t e c a l c u l a t i o n s .

I d e a l l y , c a l c u l a t i o n o f risk i s a n o b j e c t i v e , s c i e n t i f i c a c t i v i t ydevoid of p o l i c y j u d g m e n t s . The l a t t e r are made s e p a r a t e l y when
d e c i d i n g t h e a c c e p t a b l e l eve l o f e xpo sur e . H o w e v e r , p o l i c y d e c i s i o n s
can s e l d o m be d ivorced c o m p l e t e l y f r o m the proce s s of risk asses sment.The reason for t h i s l i e s in the u n c e r t a i n t y o f many o f the s c i e n t i f i c
j u d g m e n t s required. For e x a m p l e , i f one e x p e r i m e n t a l s p e c i e s i s mores u s c e p t i b l e to the t o x i c i t y of a m a t e r i a l than another and d a t a on
humans are u n a v a i l a b l e , which s p e c i e s s hou ld be used for e s t i m a t i n g
human risk? W h i c h mathemat i ca l model should be a p p l i e d to the da ta?T h e s e and many o ther qu e s t i on s of j u d g m e n t were d i s c u s s e d in the recent
N a t i o n a l Research Council ( 1 9 8 3 ) report.

In the f o l l o w i n g s e c t i o n s , the c ommi t t e e has used e p i d e m i o l o g i c a l
d a t a , m o s t l y f r o m o c c u p a t i o n a l s e t t i n g s , t o d e v e l o p a q u a n t i t a t i v e modelof the r e l a t i o n s h i p between f i b e r do s e and carc inogenic r e spons e for ageneral ized "asbestos" exposure r e s u l t i n g in e i ther lung cancer orm e s o t h e l i o m a . T h a t d o s e - r e s p o n s e r e l a t i o n s h i p i s then a p p l i e d t o a
h y p o t h e t i c a l , but reasonable , exposure level to show p o t e n t i a lp o p u l a t i o n ri sk l e v e l s in p o p u l a t i o n s o f arb i trary size. In th e f i n a ls e c t i o n , the c o m m i t t e e a s s e s s e s risks for o ther t y p e s o f f i b e r s and, in
some case s , for o ther d i s e a s e s by q u a l i t a t i v e compari sons wi th the base
case of a g e n e r a l i z e d a s b e s t o s exposure.

Q U A N T I T A T I V E R I S K A S S E S S M E N T
In the previous c h a p t e r s , the c ommi t t e e e x t e n s i v e l y reviewedi n f o r m a t i o n on the h e a l t h e f f e c t s o f a s b e s t o s and other a s b e s t i f o r mf i b e r s . In p r e p a r i n g th i s s e c t i on , i t a l s o reviewed several riskasse s sments for asbes tos in the open l i t e r a t u r e and in government

document s . On the basis of its e v a l u a t i o n of the q u a l i t y and coverageof the i n f o r m a t i o n and the assessment t e chn ique s , the commit t ee d e c i d e dthat a q u a n t i t a t i v e assessment of the ri sks for ro e s o the l i oma and lungcancer f rom nonoccupat ional e xpo sure s to a sb e s t o s would be m e a n i n g f u l .It a l so c onc luded that the i n f o r m a t i o n base was i n s u f f i c i e n t for u s e f u l
q u a n t i t a t i v e a s s e s sment s for other f i b e r t y p e s and d i s e a s e s , but tha t insome cases a q u a l i t a t i v e , comparative assessment was f e a s i b l e andu s e f u l . T h e s e d e c i s i o n s do not mean that the a sbe s to s assessment iswi thout m a j o r uncer ta in t i e s nor does it mean that the comparat ivea s s e s sment s are of poor qua l i ty . In both cases, the o b j e c t i v e is to



206
present i n f o r m a t i o n u s e f u l f o r e v a l u a t i n g t h e h e a l t h risks o f
a s b e s t i f o r m f i b e r s in nonoccupational s e t t i n g s .

F i r s t , an overview of ma th emat i ca l m o d e l s for carcinogenic risk
as s e s sment i s p r e s e n t e d to prov id e a contex t for the a s s e s s m e n t s for
lung cancer and m e s o t h e l i o m a , which are of p r i n c i p a l in t ere s t . N e x t ,
there is a review of several a s s e s s m e n t s for a s b e s t o s that were based on
such m o d e l s . F i n a l l y , these a s s e s sment s and the c o m m i t t e e ' s ownanalyse s are a p p l i e d to the i n f o r m a t i o n p r e s e n t e d in e a r l i e r c h a p t e r s to
produce q u a n t i t a t i v e risk e s t i m a t e s f o r n o n o c c u p a t i o n a l e xpo sure s t o
asbe s to s in ambient air.

M a t h e m a t i c a l M o d e l f o r C a r c i n o g e n i c Risk E s t i m a t e
As e x p l a i n e d e a r l i e r , it is not neces sary to use d a t a on a s b e s t o s

exposure f r o m animal exper iment s to e s t imate risks for humans, but it isnecessary to e x t r a p o l a t e f r o m the h e a l t h e f f e c t s observed at highoccupat ional l e v e l s of exposure to much lower nonoccupationalexpo sure s . O c c u p a t i o n a l e p i d e m i o l o g y makes i t p o s s i b l e to de scr ibe the
p r o b a b i l i t y of d y i n g f r o m a p a r t i c u l a r type of cancer as a f u n c t i o n ofage at f i r s t e x p o s u r e , level and d u r a t i o n of e x p o s u r e , and current age.M a t h e m a t i c a l e x t r a p o l a t i o n mode l s based on the m u l t i s t a g e theory ofcarc inogene s i s make i t p o s s i b l e to e s t i m a t e the p r o b a b i l i t y of d y i n g
f r o m that t y p e o f cancer for d i f f e r e n t ages a t f i r s t exposure, d i f f e r e n t
( l o w e r ) exposure l e v e l s , a n d d i f f e r e n t ( o f t e n l o n g e r ) dura t i on o f
expo sure , a l s o as a f u n c t i o n of current age. By con s id er ing the
c u m u l a t i v e p r o b a b i l i t y throughout a l i f e t i m e , t h e " l i f e t i m e risk" o fcancer m o r t a l i t y can be c o m p u t e d .

At any age, an i n d i v i d u a l f a c e s some p r o b a b i l i t y of reaching an endpo int that is r e l a t e d to cancer in the next year, for e x a m p l e , d y i n g of
lung cancer. S u p p o s e that at a given age, a, the p r o b a b i l i t y is given
by p ( a , d ) , where d is the dose of the c a r c i n o g e n — i n t h i s case,a sb e s t o s . When d * 0, p ( a , 0 ) is the p r o b a b i l i t y of the end po in t forunexposed p e o p l e . If t i s some age of i n t e r e s t , then the cumulat ive
p r o b a b i l i t y P ( t , d ) of reaching the end po int b e f o r e that age i s given bythe sum of the annual p r o b a b i l i t i e s up to that age:

P ( t , d ) » the sum of p ( a , d ) over all ages, a, <t. (1)
Reaching the end point by time t is analogous to the " f a i l u r e time"

for a g enera l i z ed sys t em that i s no longer e f f e c t i v e a f t e r time t.General mathematical ana ly s i s can be used to show that the p r o b a b i l i t y
of f a i l u r e as a f u n c t i o n of time can be w r i t t e n as f o l l o w s :

P ( t , d ) - 1 - e
where l ( t , d ) r e p r e s e n t s t h e cumulat ive incidence f u n c t i o n (or cumula t ivehazard f u n c t i o n ) of occurrence of the observable f a i l u r e pr ior to time t.
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A r m i t a g e and Dol l ( 1 9 6 1 ) , Peto e t a l . ( 1 9 8 2 ) , K a l b f l e i s c h and P r e n t i c e
( 1 9 8 0 ) , H a r t l e y and S i e l k e n ( 1 9 7 7 ) , H a r t l e y e t a l . ( 1 9 8 1 ) , andK a l b f l e i s c h e t a l . ( 1 9 8 3 ) have a p p l i e d t h i s model t o carcinogenesis . I f
t h e cumula t iv e inc idence I ( t , d ) i s s m a l l , then equat ion (2) may b es i m p l i f i e d t o

P ( t , d ) i K t . d ) , ( 3 )
where = means a p p r o x i m a t e l y .

In carc inogenic risk a s s e s s m e n t , a t t e n t i o n i s u s u a l l y f o c u s s e d ont h e cumula t iv e incidence f u n c t i o n I ( t , d ) ra ther than o n t h e p r o b a b i l i t yf u n c t i o n P ( t , d ) . T h e A r m i t a g e - D o l l ( 1 9 6 1 ) m u l t i s t a g e theory o fcarcinogenesi s s u g g e s t s that I ( t , d ) can be wri t t en as a product of twot e r m s — g ( d ) , d e p e n d i n g only on d o s e , and h(t), d e p e n d i n g only on time.
T h a t i s ,

I ( t , d ) - g ( d ) h ( t ) . ( 4 )
If there are k d o s e - d e p e n d e n t s t a g e s in the p r o c e s s of carc inogenes i sand the rate of t r a n s f o r m a t i o n f r o m one s t a g e to the next is assumed to
be a linear f u n c t i o n of dose, the f u n c t i o n g(d) would be a polynomial ofdegree k in the dose. The f u n c t i o n h(t) d e p e n d s only on time. T h i smodel and its g e n e r a l i z a t i o n and j u s t i f i c a t i o n have been d i s c u s s e d by
Crump e t al . ( 1 9 7 6 ) , H a r t l e y e t al . ( 1 9 8 1 ) , and K a l b f l e i s c h e t al .( 1 9 8 3 ) . ~~~ ~~~~~

To d e t e r m i n e the values o f the c o n s t a n t s in the p o l y n o m i a l g(d) andthe f u n c t i o n a l f o r m f or h(t), th e cumula t iv e incidence f u n c t i o n must b ef i t t e d to d a t a — p r e f e r a b l y to d a t a based on observations in human
p o p u l a t i o n s . The m u l t i s t a g e model d e s c r i b ed above ha s been f i t t e ds u c c e s s f u l l y to many s e t s of cancer d a t a , i n c l u d i n g d a t a on a s b e s t o s ,and a p p e a r s at pre s ent to be a g e n e r a l l y a d e q u a t e model for a s s e s s ing
cancer risk. F i t t i n g equat ion (4) to d a t a involves e s t i m a t i n g the
c on s tan t s in the model f or some s u i t a b l y de t ermined f u n c t i o n h(t). T h i smodel has been a p p l i e d to both m e s o t h e l i o m a and lung cancer d a t a on
asb e s t o s - expo s ed workers. The f o r m of h(t) and the values of thecon s tant s from those s t ud i e s wil l be d i s cu s s ed in the next section. Thef u n c t i o n g ( d ) — a n d thus t h e cumulat ive excess incidence f u n c t i o n
l ( t , d ) — c a n be a p p r o x i m a t e d as a l inear f u n c t i o n of dose in the low-doserange that equal s 0 when d * 0. T h i s r e l a t i o n s h i p can be used fore x t r a p o l a t i n g f r o m high to low dose s and has the f o l l o w i n g form:

I ( t , d ) - c d h ( t ) . ( 5 )
T h i s f orm assumes that there is at least one dose-dependent stage ofcancer d e v e l o p m e n t . The argument for a l inear ( w i t h re spec t to d o s e )a p p r o x i m a t i o n for low-dose exposure s has been j u s t i f i e d on the basisthat the exposure dose d is a d d e d to a background level ( H o e l , 1980;P e t o , 1978). T h i s a s s u m p t i o n may not a lways be j u s t i f i e d in a p p l i c a t i o n
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(see C o r n f i e l d e£ a J L . , 1978 and Van Ryzin , 1981), but it should l ead to
a n a p p r o p r i a t e u p p e r bound f o r t h e c o m m i t t e e ' s risk a s s e s sment s f o ra sbe s to s . F u r t h e r m o r e , and more i m p o r t a n t l y , ru l ing out a l inear dose
term for a sb e s t o s exposure does not seem j u s t i f i e d by the d a t a nowa v a i l a b l e ( N i c h o l s o n , 1983; P e t o , 1982; S c h n e i d e r m a n e t a l . , 1981).T h u s , the model a d o p t e d for risk a s s e s sment in the next three s e c t i o n s
of t h i s c h a p t e r is based on the cancer m o r t a l i t y incidence c a l c u l a t e d by
equation ( 5 ) .

P U B L I S H E D R I S K A S S E S S M E N T S
T h i s s e c t i on reviews some p u b l i s h e d risk a s s e s smen t s for lung cancer

and me s o th e l i oma. T h e s e a s s e s s m e n t s h e l p e d the commit t e e s e l e c t af u n c t i o n a l f o r m for h ( t ) for the two d i s ea s e s and to e s t a b l i s h the value
of the cons tant c in equat ion ( 5 ) .

Lung Cancer Risk f r o m N o n o c c u p a t i o n a l Environmental Exposures
The f o l l o w i n g summary o f risk a s s e s smen t s for lung cancer f r o ma s b e s t o s e xpo sure s is based on d a t a on expo sure of worker p o p u l a t i o n s .

T h e s e d a t a sugges t that t h e f u n c t i o n I ( t , d ) in equation (5) becomes
K t . d ) - c * T 0 d I 0 ( t ) , ( 6 )

where TQ i s the d u r a t i o n of e xpo sure to a s b e s t o s at dose d, I g ( t ) i sthe cumula t iv e m o r t a l i t y inc idence for lung cancer up to age t for tho s ewho have not been expo s ed to a s b e s t o s , and c* is a cons tant that d e p e n d s
on the cohort under s t u d y , but not on dose or age. As used in
equa t i on (6) and in the remainder of t h i s s e c t i on, d is thec onc en tra t i on of f i b e r s in the w o r k p l a c e air, u s u a l l y measured in
f i b e r s / c m ^ . A l t h o u g h d is r e f e r r e d to as d o s e , some authors would
c a l l it dose rate and would r e f e r to the p r o d u c t T0d as ( c u m u l a t i v e )dose. Equat ion ( 6 ) , derived by Peto ( 1 9 8 2 ) , i s cons i s t ent wi th hi se a r l i e r s t u d i e s o f c h r y s o t i l e workers ( P e t o , 1978). T h i s equat ion i s
a l s o s u p p o r t e d by f o u r s t u d i e s reviewed by N i c h o l s o n ( 1 9 8 3 ) , who noted
that the r e l a t i v e risk of lung cancer d e a t h s for asbestos workerscompared to a s im i lar p o p u l a t i o n was l i n e a r l y r e l a t e d to the a c c u m u l a t e d
dose years, i.e., f i b e r s / c m ^ x years, or ( f i b e r s / c m 3 ) y r .

In equation ( 6 ) , the under ly ing incidence rate I 0 ( t ) i s consider-
ably d i f f e r e n t for smokers and nonsmokers of each sex. T h e r e f o r e , therisks for each of the se groups must be a s s e s s ed s e p a r a t e l y . A n o t h e rconsequence of equation (6) is that the r e l a t i v e risk of lung cancer due
to asbestos exposure does not depend on age at f i r s t exposure.

T h u s , l i f e l o n g risk o f lung cancer r e s u l t i n g f r o m exposure to
asbes tos can be c a l c u l a t e d quite s i m p l y by using equation ( 6 ) . As anexample , consider the f o l l o w i n g c a l c u l a t i o n given by Peto ( 1 9 8 2 ) .



209
C o n s i d e r the e f f e c t of 10 years of e x p o s u r e at 1 f i b e r /cn>3. If weassume that the r e l a t i v e risk for lung cancer among i n s u l a t i o n workers
increased a p p r o x i m a t e l y f o u r f o l d [ H a m m o n d e t a l . ( 1 9 7 9 ) r e p o r t e d 4 . 2 f o r
nonsmokers and 3.9 for smoker s] and tha t t h i s risk is based on a
c u m u l a t i v e do s e of 600 f i b e r s / c m ^ (20 years at 30 f i b e r s / c m 3 ) , then
10 years of e x p o s u r e to 1 f i b e r / c m 3 w i l l increase the r e l a t i v e risk by
4.0 x 10/600 * 0.067. S i n c e a p p r o x i m a t e l y 152 of l i f e l o n g smokers die
of lung cancer, t h i s m o r t a l i t y rate w i l l increase to 0.15 x 1.067 x 100.,
or 162. T h u s , the d i f f e r e n c e ( 1 % ) i s the exce s s due to a s b e s t o s as
p r e d i c t e d by the equa t i on . S i n c e o n l y 0.52 of nonsmokers d i e o f l ung
cancer, t h i s would become 0.533% (0.005 x 1.067 x 100) for an a d d e d ri sk
of 0.033% due to a s b e s t o s expo sure .

M e s o t h e l i o m a Risk f r o m N o n o c c u p a t i o n a l Environmental E x p o s u r e s
The c o m m i t t e e reviewed two e s t i m a t i o n s of m e s o t h e l i o m a r i sk , one by

P e t o and his c o l l e a g u e s ( P e t o , 1982; P e t o e_t j i l . . , 1982) and the o ther by
N i c h o l s o n ( 1 9 8 3 ) . T h e s e a n a l y s e s and t h e i r consequences ar e summarized
in t h i s s e c t i on .

U s i n g t h e d a t a o f S e l i k o f f e t a l . ( 1 9 7 9 ) on m o r t a l i t y among 17,800
members o f t h e I n t e r n a t i o n a l A s s o c i a t i o n o f H e a t a n d F r o s t I n s u l a t o r s
and A s b e s t o s W o r k e r s , P e t o et al. ( 1 9 8 2 ) showed that the m o r t a l i t y rate
f r o m m e s o t h e l i o m a in t h e s e workers was d e p e n d e n t on the time since f i r s t
e x p o s u r e , but did not d e p e n d on the age at f i r s t expo sure . F r o m t h i s
f i n d i n g , and the a p p l i c a t i o n o f the m u l t i s t a g e theory o f carc inogenes i s
t h r o u g h e q u a t i o n ( 5 ) , t h e c u m u l a t i v e i n c i d e n c e f u n c t i o n becomes:

) = c d ( t - t 0 ) k , (7)
where t - IQ r e p r e s e n t s t ime since f i r s t e xpo sur e at age tQ. Forany group of workers e xpo s ed at the same dose level d, the p r o d u c t cd = b
i s a c on s tant d e p e n d i n g on the t y p e o f a s b e s t o s expo sure . E q u a t i o n (7)s u g g e s t s that the risk for m e s o t h e l i o m a is p r i m a r i l y d e p e n d e n t on the
t ime since f i r s t exposure (t - t g ) . T h i s same phenomenon was noted byS c h n e i d e r m a n e £ a l . ( 1 9 8 1 ) a n d N i c h o l s o n ( 1 9 8 3 ) . F i t t i n g equat ion ( 7 )w i t h b « cd to the d a t a of S e l i k o f f et al. ( 1 9 7 9 ) for men up to age 80
by the method of maximum l i k e l i h o o d e s t i m a t i o n r e s u l t e d in an e s t ima t e
of k * 3.2 with a s t a n d a r d error of _+ 0.36 and b = 4.37 x 10~8. U s i n g
t h i s c a l c u l a t i o n , P e t o e t a l . ( 1 9 8 2 ) e s t i m a t e d t h e l i f e l o n g m e s o t h e l i o m a
risk for t h i s worker group to be 15%, 7%, and 3% for age at f i r s texpo sure s of 20, 30, and 40 years, r e s p e c t i v e l y . T h e s e f i g u r e s havebeen a d j u s t e d f or other c o m p e t i n g causes o f d ea th .

U s i n g equat ion (7) wi th k * 3.2, Peto and c o l l e a g u e s d e t e rmined thatb x 108 ranges in value f r o m 2.94 to 5.15 for f o u r other s e t s of d a t a(see T a b l e 7-1). U s i n g k « 3.5, P e t o ( 1 9 8 2 ) computed a l i f e t i m e
a e s o t h e l i o m a rate of 1 in 100,000 c h i l d r e n e x p o s e d f r o m age 12 to age 18
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TABLE 7-1. M e s o t h e l l o n a Death Rates in Various S t u d i e sand Predi c t i ons of Riska

S t u d y Popula t ionand Reference
N o r t h American insulationworkers (mixed exposure)S e l i k o f f et al., 1979
F a c t o r y workers (mixedexposure)Newhouse and Berry, 1976
C h r y s o t i l e t e x t i l ef a c t o r y workersPeto , 1980b
Austral ian crocidol i t eminersHobbs et al., 1980
U . S . amosite f a c t o r yworkersSeidman et al., 1979

Relative Risk(b x 108)
4.37

4.95

2.94

5.15

4.91

Corre sponding L i f e t i m eRisk ( X ) b by Age atF i r s t Exposure ( y r s )20 30 40
15 7 3

17

10

17

17

8

8

8

a A d a p t e d f r o m Pe to et al. (1982). The dea th rate at time t -. tQ sincef i r s t exposure at age tQ is p r o p o r t i o n a l to b, obtained by f i t t i n gequation (7) with k » 3.2.b T h e ca l cu la t ion of " l i f e t i m e risk," i.e., the percentage of s imi lar lyexpo s ed men who would die of mesothelioma b e f o r e age 80, is based on anactuarial calculat ion using 1977 U . S . rates for white males for al l causesof dea th other than mesothelioma i n f l a t e d by a f a c t o r of 1.26, theobserved relative risk among insulation workers ( S e l i k o f f et al. , 1979).

(i.e., 6 years of school a g e ) , assuming the f i b e r level was 0.003 f i b e r / c m ^(1/1,000 of the exposure of the I n s u l a t i o n workers).
A second risk assessment was done by N i c h o l s o n (1983), who criticized thePeto e£al . (1982) analysis for f i t t i n g equation (7) to only those men whodied of mesothelioma up to age 80* By including all insulation workers, heestimated k to be 5.0.
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Q U A N T I T A T I V E R I S K A S S E S S M E N T F O R N O H O C C U P A T I O N A L E N V I R O N M E N T A L E X P O S U R E S

As a s t a r t i n g p o i n t f o r a s s e s s i n g th e r i sk f r o m n o n o c c u p a t i o n a lenvironmental e xpo sur e t o a s b e s t i f o r m f i b e r s , t h e c o m m i t t e e a d o p t e d e q u a t i o n
(6) a s r e p r e s e n t i n g the c u m u l a t i v e m o r t a l i t y up t o age t , which i s
a p p r o p r i a t e f or l u n g cancer induced by a c on t inuou s expo sure o f TQ years a t
dose l eve l d in f i b e r s / c m 3 . T h i s mode l i m p l i e s t ha t any given t o t a l do s e
b e f o r e time t would have the same e f f e c t on the r e l a t i v e ri sk at time t ,
r e g a r d l e s s o f the time at which expo sure s t a r t e d or i t s d u r a t i o n . The mode l
thus ignores a minimum l a t e n c y p e r i o d , which m i g h t cause the mode l to
over e s t imat e e f f e c t s , b u t a l s o ignore s , t h e d i f f e r e n c e between expo sure s a t
ear l i e r a n d l a t e r a g e s , which m i g h t cause t h e mode l t o u n d e r e s t i m a t e e f f e c t s .

Equa t i on (7) was assumed to be a r e a s o n a b l e r e p r e s e n t a t i o n of the
cumula t iv e m o r t a l i t y f r o m m e s o t h e l i o m a up to age t for continuous exposure to
a s b e s t o s at do s e l e v e l d in f i b e r s / c m 3 f r o m age tQ u n t i l age t . In t h i scase, l a t e n c y i s i m p l i c i t l y i n c l u d e d in th e d e p e n d e n c e on ( t - t g ) , because
k is g r e a t e r than 1, but no minimum l a t e n c y is a s sumed. T h e s e a s s u m p t i o n s
ar e s u p p o r t e d by th e work o f P e t o ( 1 9 8 2 ) , P e t o £ t £ l / ( 1 9 8 2 ) , N i c h o l s o n
( 1 9 8 3 ) , and S c h n e i d e r m a n e t a l . ( 1 9 8 1 ) , who e x t e n s i v e l y reviewed the bas i sfor the s e a s s u m p t i o n s by examining the m o d e l s and the ir cons i s t ency for
several observed worker c ohor t s e x p o s e d to ambient c onc en tra t i on s o f a s b e s t o s
f i b e r s . T h e s e au thor s have s u g g e s t e d t h a t a s b e s t o s a c t s a s a l a t e - s t a g ecarc inogen in p r o d u c i n g l u n g cancer but a c t s at e a r l i e r s t a g e s in the
d e v e l o p m e n t o f m e s o t h e l i o m a . U s i n g th e s e m o d e l s , t h e c o m m i t t e e d e v e l o p e d
l i f e t i m e e s t i m a t e s o f r i sk f o r l u n g cancer a n d m e s o t h e l i o m a m o r t a l i t y f r o m
continuous nonoc cupa t i ona l expo sure s to 0.0004 f i b e r s / c m 3 and for 0.002f i b e r s / c m 3 .

F o r l u n g cancer, t h e c o m m i t t e e a s s e s s e d t h e r i sk f o r f o u r e xpo sur e
s u b g r o u p s : ma l e smoker s , f e m a l e smoker s , mal e nonsmokers , a n d f e m a l e
nonsmokers. For m e s o t h e l i o m a , o n l y one c a l c u l a t i o n was made , s ince e q u a t i o n
(7) and the s u p p o r t i n g d a t a in the p a p e r s c i t ed above s u g g e s t that
m e s o t h e l i o m a m o r t a l i t y does not d e p e n d on sex or smoking h i s t o r y , but doe s
d e p e n d s t r o n g l y on age at f i r s t exposure .

L i f e t i m e Risk E s t i m a t e s f o r Lung Cancer a n d M e s o t h e l i o m a
T a b l e 7-2 summarizes l i f e t i m e risk e s t i m a t e s f or l u n g cancer and

m e s o t h e l i o m a for nonoc cupa t i ona l environmental e xpo sur e s to 0.0004f i b e r s / c m 3 (a median l e v e l ) and 0.002 f i b e r s / c m 3 (a h igh l e v e l ) . It i sassumed th i s exposure is continuous f r o m b ir th through a l i f e t i m e of 73
years, an a p p r o x i m a t e average l i f e t i m e in the U n i t e d S t a t e s . T h u s , inequations (6) and ( 7 ) , t - 73 years and d « 0.0004 or 0.002. In equat ion(6), TO * 73 and in equation ( 7 ) , tQ - 0 to account for continuous
exposure. Because equations (6) and (7) are l inear in the do s e unit d, onecan i m m e d i a t e l y obtain f r o m T a b l e 7-2 l i f e t i m e risks at other continuous( f r o m b i r t h ) environmental e xpo sure s by m u l t i p l y i n g by th e a p p r o p r i a t e dosef a c t o r . For e x a m p l e , l i f e t i m e r i sk e s t i m a t e s at 0.02 f i b e r s / c m 3 are 10times h igher than the e s t i m a t e s at 0.002 f i b e r s / c m 3 .
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TABLE 7-2. E s t i m a t e d I n d i v i d u a l L i f e t i m e Risks f r o m a Continuous

Expo sure to A s b e s t o s at 0.0004 F i b e r s / c m 3 (a M e d i a nD o s e ) or 0.002 F i b e r s / c m 3 (a H i g h Dose)*

Disea s e
Lung cancer0

Lung cancer
Lung cancer
Lung cancer
M e s o t h e l i o m a

Expo sur e
G r o u p
M a l e smoker
F e m a l e smoker
M a l e nonsmoker
F e m a l e nonsmoker
A l l

E s t i m a t e d I n d i v i d u a l L i f e t i m e Risk x 10 6

H i g h Exposure
(0.002 f i b e r s / c m 3M e d i a n Exposure(0.0004 f i b e r s / e n 3 )

64 (0 to 290) c

23 (0 to 110)
6 (0 to 22)
3 (0 to 13)
9 (0 to 3 5 0 )

320 (0 to 1 ,500)
120 (0 to 5 3 0 )

29 (0 to 130)
15 (0 to 66)
46 (0 to 1 ,700)

a L i £ e t i m e assumed to be 73 years; exposure occurs f r o m b ir th. Lungcancer r i sk s are c a l c u l a t e d w i t h c* * 1.02 or an excess risk of 22 per( f i b e r / c m 3 ) y r , e s t i m a t e d f r o m nine s t u d i e s w i th varied r e s u l t s .M e s o t h e l i o m a risks are c a l c u l a t e d w i t h c * 2.53 x 10~8 and k » 3.2,e s t i m a t e d f r o m f i v e s t u d i e s w i t h varied r e s u l t s . S e e a l s o e x p l a n a t i o n sin t e x t .
bsex d i f f e r e n c e s f or l u n g cancer r i sk are due to d i f f e r e n c e s in lung cancer

background ra t e s a s s o c i a t e d w i t h smoking p a t t e r n s , o c c u p a t i o n a l e x p o s u r e s ,
and o ther f a c t o r s .cRange o f e s t i m a t e s . The lower l i m i t o f 0 i s a l w a y s p o s s i b l e i f l inear
e x t r a p o l a t i o n o v e r e s t i m a t e s risk. S e e a l s o t ex t below.

The e s t i m a t e s in T a b l e 7-2 were based on the f o l l o w i n g f i v ec o n s i d e r a t i o n s :
• Expo sure l e v e l s . A mix of indoor and ou tdoor measured exposure

l e v e l s was used to s e l e c t the median value of 0.0004 f i b e r s / c m 3 and theh igh value of 0.002 f i b e r s / c m 3 as the r e f e r en c e l e v e l s .
• Use of the l inear mode l . The m o d e l s used by the commit t e e al l

assume low-dose l i n e a r i t y and, as such, produc e higher e s t i m a t e s of riskat low dose s than would be ob ta ined w i th other m o d e l s . However , becausethe occupat ional da ta do not rule out low-dose l i n e a r i t y , the commit teebe l i eve s that the s e e s t i m a t e s do not u n d u l y over s ta t e the risks.
• Count-mass conversion. The conversion of ambient f i b e r mass

measurements to an equivalent number of f i b e r s was based on measurements
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of mass and numbers of f i b e r s in the w o r k p l a c e . The commit t e e r e a l i z e d ,
however, that the number of f i b e r s in ambient air would be much grea t erbecause these f i b e r s tend to be s m a l l e r than those in the workplace (seeC h a p t e r 4). D e p e n d i n g on the t o x i c i t y o f s m a l l f i b e r s , th e risks c o u l dbe greater or l e s s than tho s e c a l c u l a t e d in t h i s c h a p t e r . If the presenceof l o n g f i b e r s i s nece s sary for a t ox i c r e s p o n s e , risks would be lover.

• M o d e l d e p e n d e n c e . T h e r e s u l t s o f t h e m e s o t h e l i o m a model d e p e n dvery h e a v i l y on the value of k. T h i s a c count s for the large range of
e s t i m a t e s for me s o th e l i oma. It is assumed that th i s dependence on kamong workers h o l d s f o r t h e ent ire p o p u l a t i o n throughout a l i f e t i m e . I f
the d e p e n d e n c e is not as s t r o n g ( i . e . , a lower k v a l u e ) , the lower end ofth e range wou ld a p p l y . If t h i s d e p e n d e n c e i s a s s t r o n g ( i . e . , a h igher k
v a l u e ) , the u p p e r bound may be more a p p r o p r i a t e .

• C h i l d h o o d e xpo sure . T h e m o d e l s used f o r e x t r a p o l a t i o n f o r both
lung cancer and m e s o t h e l i o m a are based on the a s s u m p t i o n that a unit dose
of e xpo sur e (measured as f i b e r s / c m ^ > 5 pm l o n g ) in e a r l y l i f e i se q u i v a l e n t in its i n t r i n s i c carc inogenic p o t e n t i a l to a unit dose in l a t e r
l i f e . I f c h i l d r e n a r e more b i o l o g i c a l l y s e n s i t i v e than t h e worker g r o u p ,the risk per unit dose would be increased. Resu l t s f r o m s t ud i e s ofexpo sure to o ther m a t e r i a l s i n d i c a t e t h a t c h i l d r e n are o f t e n more sensi-t ive than a d u l t s to a given d o s e , even when e x p r e s s e d as d o s e / b o d y w e i g h t .

The risk e s t i m a t e s and ranges shown in T a b l e 7-2 are those the
c o m m i t t e e c on s id e r s most r ea sonab l e . Because o f the uncertain value of k
and th e s e n s i t i v i t y o f equation (7) t o i t s v a l u e , th e range o f e s t i m a t e s
i s much larger f or m e s o t h e l i o m a than for lung cancer. Two c o n c l u s i o n s
can be drawn f r o m the e s t i m a t e s in T a b l e 7-2:

• For nonsmokers, the l i f e t i m e risk f or m e s o t h e l i o m a f r o m non-
o c cupa t i ona l environmental exposure to a sbe s to s is higher than for lungcancer. For smokers, however, the r i sks of lung cancer are s u b s t a n t i a l l yhigher than f o r m e s o t h e l i o m a , because o f t h e m u l t i p l i c a t i v e i n t e r a c t i o n
of smoking and a s b e s t o s exposures .

• I n d i v i d u a l l i f e t i m e risk e s t i m a t e s f or lung cancer f rom
nonoc cupa t i ona l environmental e xpo sur e s to 0.0004 f i b e r s / c m ^ are muchlower than the r i sk s observed for smoking.

The ba s i s for the c a l c u l a t i o n s in T a b l e 7-2 is d i s c u s s e d in d e t a i l inthe f o l l o w i n g two sub sec t ions .
C a l c u l a t i o n of the Lung Cancer Risk E s t i m a t e s in T a b l e 7-2. Calcu-l a t i n g l i f e t i m e risk e s t ima t e s f r o m equation ( 6 ) involves t h e notion o fr e l a t i v e risk up to time t, d e s i g n a t e d here as RR. From equation ( 6 ) ,

the RR for lung cancer by age t can be shown as f o l l o w s :
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K t . d ) ( 8 )"

* cumulative lung cancer m o r t a l i t y by age t at dose db a s e l i n e c u m u l a t i v e lung cancer m o r t a l i t y by age t
- c * ( T 0 d ) ,

vhere ( T 0 d ) * t o t a l dose-years for the expo s ed group and c is a
cons tant tha t d e p e n d s on the cohort .

For a given s t u d y shoving an increased r e l a t i v e risk for lung cancer,
c* - (1 + P / 1 0 0 ) , (9)

where P is the p e r c e n t a g e increase in l u n g cancer risk per unit do s e
[ Z p e r ( f i b e r s / c m 3 ) y r ] . S c h n e i d e r m a n e £ <al>. ( 1 9 8 1 ) p r e s e n t e d t h eva lu e s o f P for nine d i f f e r e n t worker c ohor t s . The r e s u l t s ar e
summarized in T a b l e 7-3.

V a l u e s f or P in T a b l e 7-3 range f r o m 0.06 ( S t u d y 8) to 9 .1 ( S t u d y
1). The h igher value e s t a b l i s h e s the u p p e r end of the range given in
T a b l e 7-2. The zero value for the lower end o f the range i n d i c a t e s tha tthe low-dose l inear a p p r o x i m a t i o n in equation (5) may over s ta t e risk.

The median value for P in the s t u d i e s shown in T a b l e 7-3 is P * 1.1
( S t u d y 7). T h i s v a l u e , rounded upward to 2 , was used in o b t a i n i n g the
e s t i m a t e s f o r l i f e t i m e lung cancer ri sk i n T a b l e 7-2. T o c a l c u l a t e t h e s ee s t i m a t e s , it was neces sary to know only the ba s e l ine a b s o l u t e risks for
t h e a p p r o p r i a t e s u b p o p u l a t i o n s . T h e b a s e l i n e cumula t iv e inc idence rate s
of l u n g cancer for the f o u r subgroup s in T a b l e 7-2 have been e s t i m a t e d byS c h n e i d e r m a n e£ a±. ( 1 9 8 1 ) as f o l l o w s : male smokers * 0.11; f e m a l e
smokers * 0.04; male nonsmokers » 0.01; and f e m a l e nonsmokers * 0.005.

T h u s , u s ing 2Z as a value f or P, the l i f e t i m e ri sk o f l ung cancer fora male smoker is
( 0 . 1 1 X 1 + P / 1 0 0 ) - ( O . l l ) U + 0.02) » 0.1122. ( 1 0 )

The increased l i f e t i m e risk a t t r i b u t a b l e t o a s b e s t o s exposure a t
1 f i b e r / c m 3 for 1 year is 0.0022, i.e., 0.1122 - 0.1100. At theambient exposure of 0.0004 f i b e r s / cm 3 assumed in T a b l e 7-2 and for a73-year l i f e t i m e e xpo sur e , the increased l i f e t i m e risk of lung cancer i s
6.42 x 10~5, i.e., 0.0022 x 0.0004 x 73. Bounding to two s i g n i f i c a n tf i g u r e s gives the e s t i m a t e in T a b l e 7-2 for male smokers. The otherca l cu la t i on s in that t a b l e were derived in a s imilar fa sh ion .

W h e n d e s c r i b i n g the use of the p e r c e n t a g e s given in T a b l e 7-3,
Schne id erman et al. ( 1 9 8 1 ) commented that the low per c en tage increases inrisk in S t u d i e s 3, 6, 8, and 9 p r o b a b l y r e s u l t e d f r o m several f a c t o r s .In S t u d y 3, for example , the s u b j e c t s were retirees o ld er than 65.



215
TABLE 7-3. E s t i m a t e d I n c r e a s e in Lung Cancer Risk per U n i t o f

Exposure t o A s b e s t o s *

.'

S t u d y O c c u p a t i o n o f
N o . Worker Cohort A s b e s t o s T y p e

Percent I n c r e a s e
in Lung Cancer Risk
p e r ( f i b e r s / c r a 3 ) y r R e f e r e n c e

1
2

3

4

5

6

7

8

9

I n s u l a t i o n
m a n u f a c t u r i n g

A s b e s t o s
p r o d u c t manu-
f a c t u r i n g

A s b e s t o s
m a n u f a c t u r i n g

A s b e s t o s
p r o d u c t manu-
f a c t u r i n g

T e x t i l e
p r o d u c t i o n

T e x t i l e
p r o d u c t i o n

I n s u l a t i o n
m a n u f a c -
t u r i n g

M i n i n g
and m i l l i n g

M i n i n g
and m i l l i n g

A m o s i t e

C r o c i d o l i t e ,
c h r y s o t i l e ,and amos i t e

A m o s i t e andc h r y s o t i l e ;
some c r o c i d o l i t e

C h r y s o t i l e ;
some amos i t e
and c r o c i d o l i t e

C h r y s o t i l e

C h r y s o t i l e

C h r y s o t i l eand amos i t e

C h r y s o t i l e

C h r y s o t i l e

9.1

1.3 m a l e s
8.4 f e m a l e s

0.3

1.1

5.3

0.07 e a r l y
e m p l o y e e s * 5

0.8 l a t e r
e m p l o y e e s ' 3

1.7

0.06

0.15

S e i d m a n et al. ,
1979

N e w h o u s e and
Berry, 1979

H e n d e r s o n andE n t e r l i n e ,
1979

N i c h o l s o n
et_ a_l. , 1979

Dement et al. ,
1982

P e t o , 1980

S e l i k o f f e t a l .
1979

M c D o n a l d and
L i d d e l l , 1979

N i c h o l s o n
e£ a l . , 1979

a A d a p t e d f r o m T a b l e 4 in S c h n e i d e r m a n e£ a±., 1981.b E a r l y e m p l o y e e s began work b e f o r e or d u r i n g 1950. L a t e r e m p l o y e e s began worka f t e r 1950.



216
S c h n e i d e r m a n et al. s t a t e d that the i n v e s t i g a t o r s may thus have misseda s b e s t o s - r e l a t e d T e a t h s occurring at earl i er ages* In S t u d y 6, thed i s e a s e rate s for workers e m p l o y e d e a r l i e r were lower than thoseemployed l a t e r who were f o l l o w e d f o r shor t er p e r i o d s . The d i s c r e p a n c y
has d i m i n i s h e d as more d a t a have a c c u m u l a t e d . The s u b j e c t s in S t u d i e s 8and 9 were mining and m i l l i n g workers whose exposure p a t t e r n s were qui t e
d i f f e r e n t f r o m environmental ambient air exposures. There is a l so someevidence tha t many lung cancer cases were missed in S t u d i e s 8 and 9
because o f c o m p e t i n g causes o f d e a t h a t e a r l i e r ages. T h u s ,
S c h n e i d e r m a n e_t aJ. ( 1 9 8 1 ) c o n c l u d e d that the range f r o m 1.1 ( S t u d y 4)
to 9.1 ( S t u d y 1) is the most r e p r e s e n t a t i v e of true values . The valueof P * 2 used in the c a l c u l a t i o n s in T a b l e 7-2 f a l l s near the b o t t o m oft h i s range, but i s w i t h i n a f a c t o r of 5 of the top of the range. If weuse P * 5, which is the m i d d l e of the range, the lung cancer risk
e s t i m a t e s in T a b l e 7-2 would be m u l t i p l i e d by a f a c t o r of 2.5.

C a l c u l a t i o n o f M e s o t h e l i o m a Risk E s t i m a t e s . T o c a l c u l a t e t h e
l i f e t i m e risk w i t h equat ion ( 7 ) , the numbers c and k must be d e t er-
mined. T h e n the l i f e t i m e risk L at d * 0.0004 f i b e r s / c m 3 , a s suming
t = 73 and tg = 0 (cont inuou s exposure f rom b ir th to age 7 3 ) , is

L = c ( 0 . 0 0 0 4 X 7 3 ) * . ( 1 1 )
To a p p l y t h i s e q u a t i o n , c and k must be e s t i m a t e d f r o m e p i d e m i o l o g i c a l
s t u d i e s o f o c c u p a t i o n a l e x p o s u r e s to a s b e s t o s . Each s t u d y must bes t r a t i f i e d b y d u r a t i o n o f e xpo sur e ( t - t g ) t o e s t i m a t e the se
parame t er s . M o s t o f th e f o l l o w i n g a n a l y s i s i s s i m i l a r t o that o fP e t o et al. ( 1 9 8 2 ) .

F i r s t , let us c on s id e r the choice of k. As noted e a r l i e r , when P e t oe£ a l . ( 1 9 8 2 ) f i t t e d equation (7) to the d a t a o f S e l i k o f f e t a_l. ( 1 9 7 9 ) ,
they ob ta ined the equa t i on l ( t , d ) * b(t - t g ) 3 * 2 , wi th b - 4.37 andk « 3.2 + 0.36 ( s t a n d a r d error). In equat ion ( 1 1 ) , t h e r e f o r e , wei n i t i a l l y use k * 3.2. M o d i f i c a t i o n s u s ing d i f f e r e n t values for k w i l l
give the range of e s t i m a t e s for d * 0.0004 f i b e r s / c m 3 in T a b l e 7-2.
For d = 0.002 f i b e r s / c m 3 , we r e p l a c e 0.0004 with 0.002 in equat ion(11). W i t h k * 3.2, P e t o e£ a_l. ( 1 9 8 2 ) a l s o f i t t e d f o u r o ther d a t a s e t sto ob tain f o u r values of b in the equat ion l ( t , d ) » b(t - t g ) 3 - 2 .The value of b is s p e c i f i c to each worker cohort and d e p e n d s on threenumbers: d ( t h e average f i b e r / c m 3 e x p o s u r e ) , t ( t h e average l e n g t h of
e x p o s u r e ) , a n d t - t g ( t h e average time since f i r s t e x p o s u r e ) . T h e s evalues are given in T a b l e 7-4. In a d d i t i o n , T a b l e 7-4 contains thee s t i m a t e s of c that are a p p r o p r i a t e for equat ion ( 7 ) , based on thecorre sponding e s t imate of b given by Peto et al. ( 1 9 8 2 ) . When exposurei s not continuous f r o m time of f i r s t e xpo sure ( t g ) to the age ofobservation (t) for these s t u d i e s , the r e l a t i o n s h i p between b and cchanges f rom c * b/d to

4.56 b/d ( 1 2 )1 - [1 - £ / ( t - t 0 ) ] 3 . 2
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TABLE 7-4. Estimated Cons tant s for Equations (11)and ( 1 2 ) for Five S t u d i e s

S t u d y b x 108 _£f t - to * c x 108

S e l i k o f f et al., 4.371979
Nevhous e and 4.95Berry, 1976
P e t o , 1980a,b 2.94
H o b b s et al., 5.151980
S e i d m a n et al., 4.911979

15

12.5

15 24

35

31.5

16.5 14 22.5
N A b N A N A

35

1.39

3.67

0.85
NA

7.22

^Estimated f r o m d a t a given in T a b l e s 4 and 10 of Schneiderman et al.(1981), using e s t imated median values. The product df f r om columns3 and 4 above is the e s t imat ed cumulative exposure in ( f i b e r / c m 3 ) y rof their T a b l e 10.bNA - not available.

The f a c t o r 4.56 a d j u s t s f r o m occupational exposures at about 1,920 hours
per year to environmental exposures at 8,760 hours per year. A p p e n d i x Gprovides the mathematical basis for equation (12). Tab l e 7-4 gives thevalues of the constants for each s t u d y in which Peto et al. (1982)e s t imated b.

To obtain the e s t imates for mesothelioma at the dose of 0.0004f i b e r s / c m 3 In Tabl e 7-2, equation (11) is used with values for c fromT a b l e 7-4 and k - 3.2. In T a b l e 7-2 the l i f e t i m e risk for mesotheliomaat d • 0.0004 f i b e r s / c m 3 is 9 per million. T h i s Is calculated f r o mequation (11) with c - 2.53 x 10~8, the median of the range of thec values in T a b l e 7-4, and k " 3.2. The highest value of the range inT a b l e 7-2 at d » 0.0004 uses equation (11) with c - 7.22 x 10~8, theupper value of c in T a b l e 7-4, and k » 3.8, obtained f rom 3.2 + 1.65x 0.36. The s e l ec t ion of 3.8 as the value for k is based on ana p p r o x i m a t e upper 95% conf idence limit for the e s t imate of k. The lowerlimit is taken as 0, which is always a po s s i b l e lower l imi t , e s p e c ia l lyif the low-dose linear assumption in equation (5) overestimates theindividual l i f e t i m e risk.
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Peto ( 1 9 8 2 ) recommended using a k value of 3.5 for risk as s e s sment

p u r p o s e s . As an e x a m p l e , he e s t i m a t e d that the risk of m e s o t h e l i o m a forc h i l d r e n e x p o s e d for a 6-year p er i od ( a g e s 12 to 18) at 0.003f i b e r s / c m 3 would be one in 100,000. N i c h o l s o n reviewed a d d i t i o n a l
d a t a , i n c l u d i n g d a t a on o l d e r workers up to age 80, and d e t e r m i n e d that
a k value would be 5. S c h n e i d e r m a n et al. ( 1 9 8 1 ) used k * 3.0. For
t h i s s t u d y , the commit t e e used a value of 3.2. A l t h o u g h neither
e x i s t i n g d a t a nor b i o l o g i c a l theory can p r o v i d e very much g u i d a n c e onthe value of k, i t s value i s very i m p o r t a n t in p r o j e c t i n g the l i f e t i m e
risks of m e s o t h e l i o m a f r o m a s b e s t o s exposures . T a b l e 7-5 shows how
l i f e t i m e risk varies f r o m th e value o f 9 p er m i l l i o n f or several value s
of k. A l s o shown are ri sk e s t i m a t e s for o ther value s of c. The reader
can e a s i l y c a l c u l a t e the r e s u l t s for other values o f exposure.

Other a u t h o r s have a l s o e s t i m a t e d the ri sks o f m e s o t h e l i o m a s .
E n t e r l i n e ( 1 9 8 3 ) derived a l i f e t i m e risk of 100 per m i l l i o n by usingcurrent r e p o r t e d ra t e s o f m e s o t h e l i o m a , an a s s u m p t i o n about the r e l a t i v e
c o n t r i b u t i o n s o f n o n o c c u p a t i o n a l and o c c u p a t i o n a l a s b e s t o s e x p o s u r e s ,
a n d o ther f a c t o r s . T h i s e s t i m a t e c l e a r l y r e l a t e s t o p a s t expo sure t o
varying l e v e l s o f a s b e s t o s . S c h n e i d e r m a n e t a l . ( 1 9 8 1 ) e s t i m a t e d
l i f e t i m e ri sks for m e s o t h e l i o m a to be between 800 and 5,000 per m i l l i o n
f o r a c u m u l a t i v e e xpo sure o f 1 ( f i b e r / c m 3 ) y r . T h e s e e s t i m a t e s
c o r r e s p o n d to l i f e t i m e r i sk s of 23 to 150 per m i l l i o n for 0.0004
f i b e r s / c m 3 f or 73 years. As ment i oned above, the s e i n v e s t i g a t o r s
e f f e c t i v e l y assumed k * 3, but t h e i r equ iva l en t c was h igher than tha t
used for the c o r r e s p o n d i n g e s t i m a t e s in T a b l e s 7-2 and 7-5.

T A B L E 7-5. S e n s i t i v i t y o f E s t i m a t e * f o r L i f e t i m e Risk**
of M e a o t h e l i o m a to V « l u e » of k and c

L i f e t i m e Risk E s t i m a t e s x 10*, U s i n g k V a l u e * f r om V a r i o u s Studies_______________Peto et Pe to e_tT h i s S t u d y S c h n e i d e r m a n T h i s S t u d y a l . , 1982 T h i s S t u d y at.. 1982 N i c h o l s o n ,(lev) e t al.. 1981 ( m i d d l e ) T m i d d l e ) ( h i g h ) ( h i g h ) 1983

0.85x 10-8
2.53x 10-8
7.22x 10-8

2.6
0.2

0.7

2

3.0
1.3

4

11

3.2
3

9

26

3.5
11

34

96

3.8
41

120

350

4.0
97

290

820

5.0
7,000

21,000

60,000

• A l l e s t imate s are derived f rom equation (11), L " c(0.0004)(73)*, where L " l i f e t i m erisk at a continuous exposure to 0.0004 f i b e r s / c m ? for a l i f e t i m e of 73 years.
H o t e : T h i s t a b l e d emons tra t e* that the risk e s t i m a t e s are e x t r eme ly s ens i t ive to change* inthe value of k.
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The Use of 0.0004 F i b e r s / c m 3 and 0.002 F i b e r s / c m 3 as the Mediana n d H i g h N o n o c c u p a t l o n a l Environmental Exposure L e v e l s . T h e l i f e t i m erisk e s t i m a t e s given in T a b l e 7-2 are based on an assumed continuousenvironmental ambient exposure equivalent to either 0.0004 or 0.002f i b e r s longer than 5 ym per cm3 of air breathed. The committeebelieves that 0.0004 f i b e r s / c m 3 Is a reasonable a s s u m p t i o n for a medianp o p u l a t i o n exposure level and that 0.002 f i b e r s / c m 3 is a reasonablehigh exposure level ( c o n s i d e r i n g only expo sure s f r o m breathing ambientair continuously). T h e s e a s sumptions are discussed belov. The e f f e c t sof noncontinuous high exposures are di s cus sed la t er in this chapter.
T a b l e 7-6 summarizes some environmental a sbe s to s sampl ing dataprov ided by N i c h o l s o n (1983). To convert f r o m mass measurements( n g / m 3 ) of airborne exposures to f i b e r counts ( f i b e r s / c m 3 ) , thecommittee used the conversion f a c t o r of 30 u g / m 3 for 1 f i b e r / c m 3 .( S e e C h a p t e r 4 of thi s r e p o r t , S c h n e i d e r m a n et_ al . , 1981, and ConsumerProduct S a f e t y Commiss ion, 1983 f o r f u r t h e r e x p l a n a t i o n . )
The dose-response data used in the c o m m i t t e e ' s risk es t imate weretaken f r o m measurements of exposures in the workp la c e , where the f i b e r stend to be longer than those in ambient environments not close to m a j o rsources of asbestos. As d i s cu s s ed in C h a p t e r 4, there would t y p i c a l l y bea p p r o x i m a t e l y 2,000 f i b e r s per nanogram in workplace air; In remoteareas, however, there would be a p p r o x i m a t e l y 70,000 ambient f i b e r s in ananogram. To convert mass in the workp lac e to ambient air, the committeeused the number of f i b e r s longer than 5 ym that would be found in theworkplace when the workplace mass equaled the remote ambient f i b e r mass.The dose e s t imate in numbers of f i b e r s would be a p p r o x i m a t e l y 35 timesgreater ( 7 0 , 0 0 0 / 2 , 0 0 0 ) if the actual sizes of f i b e r s in ambient air wereconsidered. If we assume that all f i b e r s are equa l ly p o t e n t , then therisk e s t imate s would be corre spondingly higher. On the other hand, f i b e rsize a p p a r e n t l y a f f e c t s f i b e r po t ency , bu t th e a p p r o p r i a t e a d j u s t m e n tf a c t o r s for f i b e r size are not known.
T a b l e 7-6 indicate s that median concentrations in outdoor air haveranged f r o m 0.00002 to 0.00075 f i b e r s / c m 3 in several s tudie s (sample

sets 1 to 8); their median is a p p r o x i m a t e l y 0.00007 f i b e r s / c m 3 . Theobserved median inside rooms without a sbe s to s is 0.00054 ( s a m p l e set 9).In rooms with asbe s to s s u r f a c e s , the median is 0.0006 f i b e r s / c m 3 (rangeof medians for sample sets 10 through 14, 0.00006 to 0.00405f i b e r s / c m 3 ) . If these three medians are weighted by assuming personsspend a p p r o x i m a t e l y one-fourth of their time ou tdoor s , f iv e- e igh th s oftheir time Indoor s in uncontaminated rooms, and one-eighth of their timein asbestos-contaminated rooms, a reasonable e s t imate for a medianpopula t i on exposure is 0.0004 f i b e r s / c m 3 .
The committee also used 0.002 f i b e r s /cm 3 for a high value ofcontinuous exposure in its calculat ions for T a b l e 7-2. T h i s value wasobtained by using the median of the 90th percent i l e s in T a b l e 7-6 foreach exposure subcategory. For outdoor air, the median is 0.0003
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TABLE 7-6. Summary of Environmental Asbestos Exposure S a m p l e s *
Measured Coacentra- Equivalent Concentra-tion ( n g / » 3 ) t ion ( f i b e r s / e » 3 ) »Ho. of 90th Per-

S a a p l e S e t s S a m p l e s M e d i a n c e n t i l c M e d i a n
1.

2.

3.

4.

5.

6.

7.

8.

Paris air 161

Pari s 19( o u t d o o r c o n t r o l )
O u t d o o r control 31s a m p l e s , f o r U . S .s choo l s
Air of 48 U . S . 187c i t i e s
Air o f U . S . 127c i t i e s

Air o f f i v e U . S . 34c i t i e s ( o u t d o o r
control s a m p l e )
New York C i t y air 22

Air 0.5 a i l e 17

0.7 3.2 0.00002

0.7 5.2 0.00002

0.9 9.8 0.00003

1.6 6.8 0.00005

2.3 7.8 0.00008

6.7 31.9 0.00022

13.7 42.9 0.00046

22.5 82.6 0.00075

90th Per-cent ile
0.00011

0.00017

0.00033

0.00023

0.00026

0.00106

0.00143

0.00275

R e f e r e n c e
S a b a a t i e n et a l . ,1980 ~
S e b a s t i e n et a l . ,1980
C o n s t a n t et a l . ,1982 ~~ ~~

H i c h o l s o n . 1971

U . S . EnvironmentalP r o t e c t i o n
A g e n c y , 1974

H i c h o l s o n e t a l . ,1975, 1976

N i c h o l s o n et a l . ,1971
M i c h o l s o n et al. .(0.8 km) fro*a sb e s t o s s p r a y i n g

9. Air in U . S .s choolrooms with-out a sb e s t o s
31 16.3 72.7 0.00054 0.00242

1971

C o n s t a n t et a l . ,1982 ~~ ~~

10. Air in Parisb u i l d i n g s wi tha s b e s t o s s u r f a c e s
135 1.8 32.2 0.00006 0.00107 S e b a s t i e n e t a l . ,I 9 6 0

11. Air in U . S .b u i l d i n g s wi thc eaent i t i ou sasbestos

28 7.9 19.1 0.00026 0.00064 R i c h o l s o n et a l . ,1975, 1976

12. Air in U . S .b u i l d i n g s wi thf r i a b l e asbe s to s
54 19.2 96.2 0.00064 0.00321 R i c h o l s o n et a l . ,1975, 1976

13. Air in U . S .schoolrooms withasbe s to s s u r f a c e s
54 62.5 550 0.00208 0.01833 Cons tant et a l . ,1982

14. Air in U . S .. s chool s withdamaged asbe s to ss u r f a c i n gm a t e r i a l s

27 121.5 465 0.00405 0.01550

• A d a p t e d f rom H i c h o l s o n , 1983.on conversion f a c t o r of 30 ug/m3 • 1 f i b e r / c m 3 .

N i c h o l s o n et a l . ,1978 ~~ ~~"
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r f i b e r s / c m 3 ; for indoor uncon taminat ed air, it i s 0.002 f i b e r s / c m 3 ;
3 and for indoor a s b e s t o s - c o n t a m i n a t e d air , it is 0.003 f i b e r s / c m 3 . The4 same d i s t r i b u t i o n of o c c u p a n c y over t ime was used to arrive at the 0.002
* f i b e r s / c m 3 f i g u r e for a high exposure l eve l .

Risk A s s e s s m e n t s f o r S p e c i a l S u b p o p u l a t i o n s
T a b l e 7 -2 shows l i f e t i m e ri sk e s t i m a t e s f o r p e o p l e who ar e e xpo s ed

throughout the ir l i v e s to l e v e l s of e i ther 0.0004 or 0.002 f i b e r s / c m 3

, in ambient air. The p r e d o m i n a n t ri sk is f r o m m e s o t h e l i o m a , but l u n g* cancers a l s o c o n t r i b u t e t o the r i sk , e s p e c i a l l y f or male smokers. For
e x p o s u r e p a t t e r n s t h a t a r e d i f f e r e n t f r o m tho s e a s s u m e d , l i f e t i m e r i sk s
c o u l d be h i g h e r or lower. The f o l l o w i n g are three i l l u s t r a t i o n s of how

i l i f e t i m e r i sks c o u l d b e derived f or such s p e c i a l p o p u l a t i o n s .
C h i l d r e n E x p o s e d in A s b e s t o s - C o n t a m i n a t e d S c h o o l s . The committeee s t i m a t e d the r i sk for p e r s o n s e x p o s e d f r o m b i r t h to age 73 years to

environmental l e v e l s o f 0.002 f i b e r s / c m 3 (as assumed in T a b l e 7-2) p l u san a d d i t i o n a l r i sk f r o m a 10-year e xpo sur e ( f r o m ages 6 to 16) in an
a sb e s t o s - con taminat ed schoolroom for 6 hours d a i l y , 200 days per year, to
0.02 f i b e r s / c m 3 ( 5 5 0 n g / m 3 , t h e 90th p e r c e n t i l e i n T a b l e 7-6). T h ei e qu iva l en t cont inuous d a i l y 10-year e x p o s u r e is a p p r o x i m a t e l y 0.003

I f i b e r s / c m 3 , i.e., 0.02 x (200 x 6 ) / ( 3 6 5 x 24). U s i n g equat ion ( 6 ) , the
l i f e t i m e ri sk of l u n g cancer for a male who e v e n t u a l l y becomes a smokeris 0.003 x 10 x 0.0022, or 66 in a m i l l i o n . T h i s r i sk r e p r e s e n t s ana p p r o x i m a t e l y 202 a d d i t i o n to hi s ambient l i f e t i m e risk of 320 in a
m i l l i o n (0.002 x 73 x 0.0022), for a t o t a l of about 390 in a m i l l i o n .
For such an i n d i v i d u a l , the s c h o o l r o o m e x p o s u r e a d d s r e l a t i v e l y more to
the risk of m e s o t h e l i o m a , as shown below. U s i n g equat ions ( G 4 ) and ( G 5 )
in A p p e n d i x G for the l i f e t i m e m e s o t h e l i o m a r i sk , L, at t * 73 for an
exposure of i * 10 years s t a r t i n g at age to * 6 at the dose level d,t h i s ri sk can be c a l c u l a t e d f r o m the f o r m u l a :

L « c d { l - [ l -£ / ( t - t 0 ) J k } ( t - t 0 ) k ,
w i t h d - 0.003, £ - 1 0 , t - t0 « 73 - 6 « 67, and k - 3.2. T h i sl i f e t i m e m e s o t h e l i o m a ri sk becomes

L • c ( 0 . 0 0 3 H l - { l - ( 1 0 / 6 7 ) J 3 ' 2 } ( 6 7 ) 3 * 2 - 845c.
If c is the median va lue of T a b l e 7-4 ( i . e . , c « 2.53 x 10~8), thee s t imat ed l i f e t i m e me so the l i oma ri sk, L, f rom the 10-year exposure is21 x lO"6.

i T h i s risk is then a d d e d to the background risk of 46 x 10~*> in
•? T a b l e 7-2, giving a l i f e t i m e me so the l i oma risk for th i s s u b p o p u l a t i o n ofi 67 x 10~*. If a m i l l i o n p e o p l e had received such a p a t t e r n of
| e x p o s u r e s , about 67 might be e x p e c t e d to die of me so th e l i oma. In th i s\ e x a m p l e , the c o n t r i b u t i o n to t o t a l ri sk f r o m the s choo lrooms is l e s s thanthat o f the l i f e t i m e exposure to the lower concentra t ions o f a s b e s t o se s t i m a t e d for the ambient air. However, if the value for k in Equation(7) were h igher than 3.2, th e s i g n i f i c a n c e o f th e s choolroom expo sur e s
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would increase because of the stronger dependence on tine since f i r s t
exposure. For e x a m p l e , if k * 3.8, the h ighe s t value used in T a b l e 7-2,the l i f e t i m e meso the l ioma risk would be 910 x 10~*. If k were l e s sthan 3.2, the c o r r e s p o n d i n g l i f e t i m e risk for m e s o t h e l i o m a would be l e s sthan 67 x 10~*. T h e s e c a l c u l a t i o n s show t h a t c h i l d h o o d e xpo sur e s toa s b e s t i f o r m f i b e r s m i g h t c o n t r i b u t e n o t i c e a b l e l i f e t i m e m e s o t h e l i o m arisks to those so e x p o s e d .

A F e m a l e Nonsmoker in a R e l a t i v e l y A s b e s t o s - F r e e Environment. An
example of a person in a low-risk group is a f e m a l e nonsmoker exposed toan average level of 0.0001 f i b e r s / c m ^ . T h i s exposure level would notbe too u n l i k e l y for a person e x p o s e d p r i m a r i l y to rural indoor and
o u t d o o r a ir , since 0.00002 f i b e r s / c m ^ i s the l owe s t median value foral l the o u t d o o r c i t y r e a d i n g s in T a b l e 7-6. T h e n , the c a l c u l a t i o n s in
T a b l e 7-2 would l e a d to a m e s o t h e l i o m a l i f e t i m e risk of 2.25 x 10~̂
(9 x 10~" d i v i d e d by 4) p l u s a lung cancer l i f e t i m e risk of0.73 x 1 0 ~ ° . The l i f e t i m e ind iv idua l risk for such a person would be3 x 10"6 for bo th t y p e s of cancer.

A M a l e Smoker L i v i n g in an Area C o n t a m i n a t e d w i t h H i g h L e v e l s o f
A s b e s t o s Who i s A l s o E x p o s e d t o H i g h I n d o o r C o n c e n t r a t i o n s . As ane x a m p l e of a h igh-r i sk p e r s o n , cons ider an urban male smoker e x p o s e d to0.003 f i b e r s / c u r for one-ha l f the time and 0.018 f i b e r s / c m 3 for theother h a l f . T h i s p a t t e r n i s based on the a s sumpt i on that the s u b j e c t
s p e n d s one-hal f of his time in indoor environments with a h igh a sbe s to s
c o n c e n t r a t i o n (se e s a m p l e s e t s 13 and 14 of T a b l e 7-6) and one-hal f
e i t h e r in h i g h l y c on tamina t ed o u t d o o r environments ( s e e s a m p l e s e t s 7 and
8 of T a b l e 7-6) or in indoor environments at the h igh end of the
d i s t r i b u t i o n for rooms that are n o r m a l l y not c on taminat ed w i t h a s b e s t o s(see s a m p l e s e t 9 o f T a b l e 7-6). T h u s , h i s cont inuous average exposure
would be a p p r o x i m a t e l y 0.01 f i b e r s / c m ^ , i.e., 0.5(0.003) + 0.5(0.018).T h e r e f o r e , m u l t i p l y i n g the second column of T a b l e 7-2 by a f a c t o r o f
5 (0.01 * 5 x 0.002) would give the ind iv idua l l i f e t i m e risks for such ap e r s o n as 1.8 x 10~3 for the two f o rms of cancer taken t og e th er (230 x10~° for m e s o t h e l i o m a and 1,600 x 10~* for lung cancer). T h i sl i f e t i m e risk i s the a d d i t i o n a l incurred risk a t t r i b u t a b l e t o then o n o c c u p a t i o n a l environmental e xpo sur e to a s b e s t o s and does not i n c l u d e
the risk incurred by the smoking i t s e l f . The p o r t i o n o f the a d d i t i o n a lrisk a t t r i b u t a b l e to lung cancer is c o n s i d e r a b l y h igher than it would be
for a nonsmoker exper i enc ing i d e n t i c a l a sb e s t o s exposures .

C O M P A R A T I V E R I S K A S S E S S M E N T
M e t h o d s

The goal of comparative risk as se s sments is to determine whether the
f i b e r exposure in question pre s ent s r i s k s — i n terms of t o t a l number and
s everi ty of e f f e c t s per year in the U n i t e d S t a t e s — t h a t are about thesame, cons iderab ly more, or cons iderab ly l e s s than those assessed
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q u a n t i t a t i v e l y above. The q u a n t i t a t i v e a s s e s s m e n t s made in the e a r l i e r
par t of t h i s c h a p t e r were based on e xpo sur e to a g e n e r a l i z e d "asbestos"
f i b e r . Because f u t u r e e xpo sur e s t o a s b e s t o s in the U n i t e d S t a t e s w i l l b e
d o m i n a t e d by c h r y s o t i l e , risks of lung cancer and m e s o t h e l i o m a f r o m
c h r y s o t i l e i n h a l a t i o n are assumed to be a p p r o x i m a t e l y the same as tho s e
a t t r i b u t e d in the q u a n t i t a t i v e a s s e s sment to "asbestos." However , i f at
equal do s e s c h r y s o t i l e i s l e s s hazardous than the other k i n d s o f
a s b e s t o s , the a s s u m p t i o n o f equal p o t e n c y may l ead to ov er s t a t ed risk
e s t i m a t e s .

T h e s e c o m p a r a t i v e r i sks are p o p u l a t i o n r i sk s , which combine
i n f o r m a t i o n about the inherent risks that a given exposure to f i b e r s
c o u l d po s e to an i n d i v i d u a l and i n f o r m a t i o n about the current and
p r o j e c t e d d i s t r i b u t i o n o f e xpo sur e s over t h e U . S . p o p u l a t i o n . U n l i k e t h e
q u a n t i t a t i v e ri sk e s t i m a t e s f o r p a r t i c u l a r assumed exposure l e v e l s , t h e
p o p u l a t i o n ri sk e s t i m a t e s c a n e a s i l y change a l o n g wi th chang ing p a t t e r n s
of p r o d u c t i o n and use. Even at a known p o p u l a t i o n risk l e v e l , somei n d i v i d u a l s w i l l receive h igher than average e xpo sur e s and s tand at
c o r r e s p o n d i n g l y g r e a t e r i n d i v i d u a l r i sk , whereas t h e m a j o r i t y o f t h e
p o p u l a t i o n w i l l u s u a l l y have lower risks.

G e n e r a l M e t h o d o l o g i c a l C o n s i d e r a t i o n s
The c o m p a r a t i v e ri sk a s s e s s m e n t s in t h i s c h a p t e r are based on

several f a c t o r s , such as:
• f i b e r t y p e

- a s b e s t o s
- o ther f i b e r s w i th some s i m i l a r p r o p e r t i e s

• t y p e o f e f f e c t l
- l u n g cancer
- m e s o t h e l i o m a

• route of exposure
- i n h a l a t i o n- i n g e s t i o n

• source of exposure
• p o p u l a t i o n at risk

- smokers
- other s p e c i a l g r o u p s ( such as s c h o o l c h i l d r e n )

* ^The commit t e e did not assess f i b r o s i s or nonmalignant p l eura l d i s ea s ebecause f u n c t i o n a l impairment r e s u l t i n g f r o m such e f f e c t s would occurmuch l e s s o f t e n than would the cancers at n o n o c c u p a t i o n a l l e v e l s of
\ e xpo sure s .
i
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T a k i n g the f i r s t three o f the se f a c t o r s a s e x a m p l e s , risk a s s e s sment can
be v i s u a l i z e d as a thre e-d imens ional matrix . As shown in F i g u r e 7-1, thebest unders tood c omb ina t i on s ( i n h a l e d c h r y s o t i l e and c r o c i d o l i t e a s b e s t o s
for lung cancer and m e s o t h e l i o m a ) are in the u p p e r r ight "ce l l s" of the
m a t r i x , and the l e s s u n d e r s t o o d c o m b i n a t i o n s are s u c c e s s i v e l y f u r t h e r
f r o m that p o s i t i o n t o e m p h a s i z e t h e i r "di s tance" f r o m the s t a t e o f
k n o w l e d g e necessary f o r q u a n t i t a t i v e risk a s s e s smen t* A d d i t i o n a l c e l l s
c o u l d be a d d e d for other combinat ions .

T h e f o l l o w i n g c o m b i n a t i o n s o f f i b e r t y p e , e f f e c t , a n d route o fe x p o s u r e were c o n s i d e r e d f or c o m p a r a t i v e risk a s s e s s m e n t s :
c h r y s o t i l e / g a s t r o i n t e s t i n a l c a n c e r / i n g e s t i o n
c h r y s o t i l e / m e s o t h e l i o m a / i n g e s t i o n
c r o c i d o l i t e / l u n g c a n c e r / i n h a l a t i o nc r o c i d o l i t e / m e s o t h e l i o m a / i n h a l a t i o nother a s b e s t o s / a l l c a n c e r s / b o t h routesf i b r o u s g l a s s / l u n g c a n c e r / i n h a l a t i o n
f i b r o u s g l a s s / m e s o t h e l i o m a / i n h a l a t i o na t t a p u l g i t e / l u n g c a n c e r / i n h a l a t i o n
a t t a p u l g i t e / m e s o t h e l i o m a / i n h a l a t i o n
mineral w o o l / l u n g c a n c e r / i n h a l a t i o n
mineral w o o l / m e s o t h e l i o m a / i n h a l a t i o nceramic f i b e r / l u n g c a n c e r / i n h a l a t i o n
ceramic f i b e r / m e s o t h e l i o m a / i n h a l a t i o ncarbon f i b e r / l u n g c a n c e r / i n h a l a t i o n
carbon f i b e r / m e s o t h e l i o m a / i n h a l a t i o n

The c o m m i t t e e ' s r e s u l t s ar e e x p r e s s e d in c o m p a r i s o n wi th t h e
c h r y s o t i l e / l u n g c a n c e r / i n h a l a t i o n c e l l , h e r e a f t e r c a l l e d t h e prime c e l l .
Its d e s i g n a t i o n a s th e prime c e l l doe s no t i m p l y t ha t i t i s th e c e l l
c o r r e s p o n d i n g t o g r e a t e s t p o p u l a t i o n risk. A c c o r d i n g t o t h e c a l c u l a t i o n sin the p r e c e d i n g s e c t i o n , i f env ironmenta l e x p o s u r e s to a s b e s t o s in e a r l y
l i f e are f r e q u e n t , m e s o t h e l i o m a may prove to be the dominant e f f e c t .

Both the c ompara t iv e scores and the e v a l u a t i o n of the u n c e r t a i n t y in
them were made q u a l i t a t i v e l y rather than q u a n t i t a t i v e l y ; the entr i e s ares y m b o l s (+, 0, -, a, b, c) rather than numeric. A p p e n d i x H d e s c r i b e s how
the c ommi t t e e went about a s s i g n i n g , combining, and a s s e s s i n g the s y m b o l i ccodes.

A score sheet for r e c o r d i n g j u d g m e n t s about c ompara t iv e risks is
shown in F i g u r e 7-2. C o m p l e t e d s h e e t s for scored c e l l s are i n c l u d e d inA p p e n d i x H. T h e s e shee t s are s u p p l i e d t o a l l o w the reader to eva lua t e
t h e ind iv idua l j u d g m e n t s o r t h e c o m m i t t e e ' s s u b j e c t i v e combinat ion o f
them.
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I n g e s t i o n

I n h a l a t i o n

Lung
Cancer

Meso th e l i oma

G a s t r o i n t e s t i n a l
Cancer

Other Fibrou s Other
F i b e r s G l a s s Asbe s t o s C r o c i d o l i t e C h r y s o t i l e

• — — » v X — — — « •
Asbestos

Fiber

Route

F I G U R E 7-1. T h r e e - d i m e n s i o n a l m a t r i x f o r c o n c e p t u a l i z i n g t h e ri ska s s e s smen t prob l em.

C O M P A R A T I V E R I S K A S S E S S M E N T S C O R E S H E E T
C e l l S c o r e d

S c o r e s C o m p a r a t i v e
with C e l l

E x p o s u r e S c o r e
Score
P r o d u c t i o n ____
Use P a t t e r n ____
G e o g r a p h y ____
P o p u l a t i o n ____
T r e n d s

F i b e r

F i b e r
B i o d i s p o s i t i o n

F i b e r S i z e
^̂ •MB»«M o r p h o l o g y ___

Chemi s t ry ___
P e n e t r a t i o nS t a b i l i t y

E f f e c t

E f f e c t
E f f e c t s

Route

Route
S c o r e

_ Human S t u d i e s ____
__ Animal S t u d i e s ____
_ I n - V i t r o S t u d i e s ____
__ S y n e r g i s m ____

Other
Overall risk compared with c e l l aboveOverall risk compared with prime c e l l
Q u a l i t y o f comparat ive risk asses sment
Remarks:
FIGURE 7-2. S c o r e sheet f o r r e cord ing j u d g m e n t s about c ompara t iv erisks.
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Scoring Considerations

Production. If all other f a c t o r s were equivalent, a greaterproduct ion volume (or U . S . consumption l eve l , if that is s i g n i f i c a n t l yd i f f e r e n t ) would result in a greater level of exposure and acorre spondingly greater popu la t i on risk. If natural occurrence isimpor tan t , it can be used here as another surrogate for exposure.
Use Pattern. Several concepts are embodied here. All have to do

with the degree to which produc t i on , consumption, or natural occurrencewill lead to actual human exposures. If the f i b e r s are used only inproduc t s where they are t i g h t l y bound into a matrix, re lat ively l i t t l eexposure will occur at least until f ina l d i s p o s a l , whereas loose f i b e ruse in consumer a p p l i c a t i o n s would lead to re lat ively heavy and immediateexposures. Produc t s such as talcum powder, which are I n t e n d e d for directhuman use, will lead to higher exposures per unit produc t ion than thosethat are not.
G e o g r a p h y . T h i s score a p p l i e s to the spa t ia l d i s t r i bu t i on of sourcesincluding natural d e p o s i t s , mill s or product ion f a c i l i t i e s , f i b e r productmanufac tur ing s i t e s , use s i t e s , and d i spo sa l sites. Concentrated sources

tend to imply higher exposures of f ewer p e op l e . T h i s c l a s s i f i c a t i o n canalso be used as a basis for evaluating such f a c t o r s as the l ike l ihood off i b e r s reaching drinking water.
Popula t i on . The size of the p o p u l a t i o n at risk determines the extentof the hazard for a given level of individual risk. A type of f i b e r thaty i e ld s exposures to many p e o p l e , such as a constituent of a commonconsumer p r o d u c t , has more po t en t ia l for produc ing adverse heal th e f f e c t sthan one that a f f e c t s only a few p e o p l e , such as a naturally occurringbut noncommercial f i b e r that is present only in s e l e c t e d , s p a r s e l yp o p u l a t e d regions.
T r e n d s . Exposure is a dynamic process that changes with changes intotal produc t ion volume, produc t ion proce s se s , use p a t t e r n s , p o p u l a t i o ndi s tr ibut ion and habits, and many other f a c t o r s that do not remains tat i c . T h u s , the risk that would a p p l y to a s t eady s tate of exposure atcurrent levels can be misleading both for currently observed e f f e c t s orfor fu tur e occurrence of e f f e c t s . The sharp downtrend in asbestosexposures tends to ameliorate the popu la t i on risks that might otherwisebe assessed, whereas new f iber types may present enormously higherexposures in the f u tur e than they do at present.
Fiber Siz e . Two counteracting influences are at work with f i b e rsize. The clearest is their r e s p i r a b i l i t y , which declines markedly asf i b e r diameter increases, becoming e s s ent ia l ly zero above 3 or 4 MB. Itis l ik e ly that length also eventually a f f e c t s r e sp irabi l i ty and,e s p e c i a l l y , transport po t ent ia l within the body. On the other hand,short f iber s are probably more easily removed from the body byphagocy t e s ; thinner ones may be more easi ly d i s s o l v e d , coated, or ge l l ed
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by body f l u i d s ; and small f i b er s in general nay not act b io log i ca l ly thesame as large f i b e r s , which can disturb many ce l l s at once. Furthermore ,small f i b e r s may be more l ike ly to be exhaled with the tidal volume and,thus, not retained in the lung. The overall s igni f i cance of f i b er sizemay t h e r e f o r e be repre sented as a potency that is greatest for f i b e r saround 0.2 jim diameter and 20 MO in l ength ( P o t t , 1978).

M o r p h o l o g y . Whatever the response to f i b e r size, it seems l ik e lythat long, thin f i b er s that have s trength, durabi l i ty, f l e x i b i l i t y , and ahigh aspect ratio are more l ike ly to cause adverse heal th e f f e c t s thanare f i b e r s without these character i s t i c s . The curliness of chrysot i l ef i b e r bundles may increase their e f f e c t i v e aerodynamic diameter, thusdecrea s ing their r e s p i r a b i l i t y below that expec t ed on the basis of f i b e rdiameter alone.
Chemistry. A l t h o u g h l i t t l e is known about the inf luence of f i b e rchemistry on potent ia l for health e f f e c t s , it seems po s s ib l e that thechemical p r o p e r t i e s of f i b e r s p l a y some role, e s p e c i a l l y with respect tosur fa c e chemistry. Another f e a t u r e of sur face chemistry, i.e., theab i l i ty to adsorb carcinogenic substances, is included under "synergism."
Penetrat ion. The ab i l i ty of a f i b e r to pene tra t e to the site where

e f f e c t s are d ev e l op ed , for example, to the pleura or peritoneum in thedevelopment of meso the l ioma, is c l early important to its potent ial forcausing disease. T h i s category Inc lude s all f i b e r prop er t i e s thatf a c i l i t a t e such penetration. It is c l o s e ly re lated to f i b e r size,m o r p h o l o g y , and s t a b i l i t y .
S t a b i l i t y . Some experimental evidence s u g g e s t s that the longer af i b e r remains in a t i s sue , the greater is its o p p o r t u n i t y for inducingits biological e f f e c t s , for example, s t imulat ing cell hyperplas ia when atrans formed cell is present. In this case, the important f a c t o r is notthe resistance to translocation but the resistance to chemical orphysical d e g r a d a t i o n such as d i s s o lu t i on or ge l l ing.
Human S t u d i e s . T h i s category includes both clinical ande p i d e m i o l o g l c a l observations in human popula t ions .
Animal S t u d i e s . The demonstration of s igni f i cant biological e f f e c t sin a wel l-des igned animal experiment is considered evidence that the testsubstance has a potential for causing similar e f f e c t s in humans.
In V i t r o S t u d i e s . Although the meaningfulness of short-term, invitro experiments with respect to the e f f e c t s of f i b er s is questionable,it is known that asbestos and some other f i b er s demonstrate somecellular-level e f f e c t s such as hemolysis. The abi l i ty to cause suche f f e c t s is considered a weak, but not entirely worthless, argument forheal th e f f e c t s po tent ial .



228
Synergism. Informat i on on synergls t ic e f f e c t s would markedly a f f e c tassessnent of comparative risk. The only such informat ion availableinvolves asbestos and cigarette smoking.
Other. T h i s catchall category could be a p p l i e d to any inf luence onoverall risk, I n c l u d i n g exposure, b i o d i s p o s i t i o n , and e f f e c t s . Forexample , if a part icular f i b e r is f ound to be more l ike ly than theothers to reach young children and if the e f f e c t in question is mostprevalent in children or If it Increases in incidence with time a f t e rf i r s t exposure as with mesothel ioma, then the comparative risk e s t imatewould be increased.

Discussion of Comparative Risks
T a b l e 1-7 summarizes f r o m a d i f f e r e n t per spec t ive the informat ion in

A p p e n d i x H .
No cell of the f i b e r / e f f e c t / r o u t e matrix approaches the p o p u l a t i o nrisk levels associated with the prime cell ( c h r y s o t i l e / l u n gcancer/ inhala t ion). As noted in the quantitative assessment, themesothelioma risk from l i f e t i m e exposure to asbestos is p o t e n t i a l l y muchgreater than the lung cancer risk. A l t h o u g h some researchers questionwhether chrysot i le Is as potent as other asbestos varieties in causingmesothel ioma, the committee has assumed that even exposure only tochryso t i l e continously since birth would cause more mesothelioma thanlung cancer. Chry so t i l e has been ex t ens ive ly used in the past and thusalso provides a source of in-place exposure. Of the other combinations,the committee believes the ones most worth watching in the near term aref i b r o u s g las s and a t t a p u l g i t e for lung cancer by Inhalation. The risksfor e f f e c t s of c r o c ido l l t e and other asbestos varieties are reasonablywell unders tood, and measures taken to reduce occupational exposures inthe f u t u r e may also keep the nonoccupational exposures to a mininum.However, general p o p u l a t i o n exposures to croc ido l i t e already in placecould be subs tant ial , e spec ia l ly in connection with its d i sposal .
The other cell s seem to entail s i g n i f i c a n t l y less popula t i on risk(more than 10 times l e s s ) than the prime cell. In several cases, thisjudgment is based p r i n c i p a l l y on current exposure or b iod i spo s i t i onrather than on d e f in i t i v e evidence that the f iber s have low intrinsichealth e f f e c t s po t ent ia l . For example, both ceramic and carbon f i b er scan be found in r e sp l rab l e size ranges and may well have biologicalproper t i e s similar to those of asbestos. However, they are produced inlow volumes and are used in l i m i t e d , generally contained appl i ca t ions .Populat ion risks could become substantial if these f a c t s changed. Mostf i brou s glass and mineral wool is produced in nonrespirable sizes, andsome evidence from ep ld emio l og i ca l and animal studies suggests thattheir biological t ox i c i ty is low. T h u s , risk levels for thesesubstances are rated low d e s p i t e the substantial potential for exposure.
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TABLE 7-7. Suvnary of C o m p a r a t i v e Risk A s s e s s m e n t

Compared w i th Chry sot i l e / L u n g C a n c e r / I n h a l a t i o n . Data on the F a c t o rSuue i t that P o p u l a t i o n Risk S h o u l d be ________________
F a c t o r

P r o d u c t i o n

H i g h e r S i a i l a r

F i b r o u s g l a s sA t t a p u l g i t e

U s e p a t t e r n F i b r o u s g l a s sA t t a p u l g i t e

Geography Fibrou s g l a s s

P o p u l a t i o n

T r e n d s

F i b e r size

M o r p h o l o g y
C h e a i s t r y
P e n e t r a t i o n

S t a b i l i t y

F i b r o u s g l a s sA t t a p u l g i t e

F i b r o u s g l a s sA t t a p u l g i t e
Minera l wool
Carbon f i b e rCeraaic f i b e r

Lover

Other a sb e s t o s

Other asbestosM i n e r a l wool"Carbon f i b e r

C r o c i d o l i t eOther a s b e s t o s
Minera l wool
O t h e r a s b e s t o s

C r o c i d o l i t eOther a s b e s t o sCarbon f i b e rCeramic f i b e r
C r o c i d o l i t e A l l o ther s
Mo c l e a r e f f e c t o f ch emi s t ry ev ident

M i n e r a l wool

C r o c i d o l i t eCarbon f i b e rM i n e r a l woolC h r y s o t i l e / i n g e s t i o n
C r o c i d o l i t eA t t a p u l g i t eCeraaic f i b e rC h r y s o t i l e / i n g e s t i o n
Carbon f i b e rCeramic f i b e r

C r o c i d o l i t e

Mineral wool

C r o c i d o l i t e
Other a sbe s to sA t t a p u l g i t e
C r o c i d o l i t eOther asbestos

Carbon f i b e rCeraaic f i b e r

A l l others

M u c h Lower

C r o c i d o l i t e
Other a s b e s t o sCarbon f i b e rCeramic f i b e r
Ceraaic f i b e r

F i b r o u s g l a s sA t t a p u l g i t e

Minera l woolC h r y s o t i l e / i n g e s t i o n

F i b r o u s g l a s s

(con t inued on next p a g e )

F i b r o u s g l a s s
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7-7 (coat.)

Compared with C h r y a o t l l e / L u n g C a n c e r / I n h a l a t i o n , Data on the F a c t o rS u c s e t t that Popu la t i on Rlak Should be ___________________
F a c t o r
E p l d e m l o l o g l c a l•tudlea

H i g h e r
C r o c l d o l l t e /•ecotheliom*

S i m i l a r

Animal c tudiea

In vitro studle** —
Synerg i sa

C r o c l d o l l t e /lung cancerMineral vool
C r o c l d o l l t eOther aabeato*

All other*

Lower
Fibroua (las*Ceramic f i b e rMineral vool
All other*

Fibrou s glaa*

Much Lover

Other b

Overallp o p u l a t i o nrl*k
C h r y a o t l l e /•eaothelioma/ingeationC r o c i d o l l t eA t t a p u l g i t e /lung cancerFibroua glaa*

Carbon f i b e r
Ceramic f i b e rA t t a p u l g i t e /meaothelioaaOther »*beatos/other cancer

•Quanti tat ive d i f f e r e n c e * in ac t iv i ty not a p p a r e n t .^No o ther f a c t o r va* * u f f l c i e n t l y s t r ik ing for Inclus ion.

For any combination of f i b e r t y p e , e f f e c t , and route of exposure notas s e s s ed , even for comparative risk, the committee believes either thatrisks are at most of marginal s i gn i f i canc e or that there is i n s u f f i c i e n ti n f o r m a t i o n on which to base such a comparison. Most of the combinationsf a l l into the f o r m e r category. Carcinogenic e f f e c t s other than lungcancer or mesothel ioma c on s t i t u t e example s of the i n s u f f i c i e n ti n f o r m a t i o n category f or several f i b e r s .

S U M M A R Y A N D R E C O M M E N D A T I O N S
The c ommit t e e has made quant i ta t ive risk assessments fornonoccupational exposures to a sbe s to s and qua l i ta t iv e (or compara t iv e)risk as s e s sment s for a variety of a s b e s t i f o r m f i b e r s . Lung cancer andmesothel ioma f r o m inhaled material s received the greatest consideration.
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For th e q u a n t i t a t i v e r i sk a s s e s s m e n t , a l inear mode l f or l ow do s ee x t r a p o l a t i o n w a s used. W h e n q u a n t i f y i n g r i sk f r o m n o n o c c u p a t i o n a l

e x p o s u r e s , u n c e r t a i n t i e s are i n t r o d u c e d not o n l y by the s e l e c t i o n of
m a t h e m a t i c a l m o d e l s b u t a l s o because t h e c h a r a c t e r i s t i c s o f f i b r o u sm a t e r i a l s in the ambient environment d i f f e r f r o m tho s e in the w o r k p l a c e .
By c onver t ing mass c o n c e n t r a t i o n s measured in the environment toe q u i v a l e n t numbers of f i b e r s in the w o r k p l a c e , the c ommi t t e e assumed amed ian p o p u l a t i o n e x p o s u r e o f 0.0004 f i b e r s / c m ^ air t h r o u g h o u t a
73-year l i f e t i m e . Based on t h i s and various o th er a s s u m p t i o n s , thei n d i v i d u a l l i f e t i m e r i sk for l u n g cancer was e s t i m a t e d to be between 3 in
a m i l l i o n for f e m a l e nonsmokers and 64 in a m i l l i o n for mal e smokers , andfor m e s o t h e l i o m a i t was a p p r o x i m a t e l y nine in a m i l l i o n , r e g a r d l e s s o f
smoking h a b i t s or sex. H o w e v e r , o t h e r a s s u m p t i o n s c o u l d d e cr ea s e ther i sk s e s s e n t i a l l y to zero, or c o u l d increase them.

T h e f i n d i n g t h a t t h e r i sk f o r m e s o t h e l i o m a i s g r ea t e r than tha t f o r
l u n g cancer among nonsmokers i s due to the s t r o n g d e p e n d e n c e o f
m e s o t h e l i o m a r i sk on t ime since f i r s t e xpo sure . T h u s , a given exposure
i n c h i l d h o o d m a r k e d l y increase s t h e l i f e t i m e r i sk o f m e s o t h e l i o m a
compared w i t h an e q u i v a l e n t do s e l a t e r . It s h o u l d be remembered tha t
t h e s e risk e s t i m a t e s were based on d a t a o b t a i n e d f r o m worker cohort s .

S m o k e r s runs a s u b s t a n t i a l l y h i g h e r ri sk o f m a l i g n a n t d i s e a s e f r o m
a s b e s t o s than do nonsmokers; for smokers , l u n g cancer i s a greater risk
than m e s o t h e l i o m a .

S t u d i e s s h o u l d b e c o n d u c t e d t o l earn more p r e c i s e l y th e d e p e n d e n c e o f
m e s o t h e l i o m a and l u n g cancer m o r t a l i t y on t ime since f i r s t expo sure and
o n t h e c h a r a c t e r i s t i c s o f t h e e x p o s u r e . S u c h e f f o r t s s h o u l d i n c l u d e
s t u d i e s i n animal m o d e l s a n d f o l l o w - u p s t u d i e s o f o c c u p a t i o n a l l y e x p o s e d
c ohor t s .

F o r t h e c o m p a r a t i v e r i sk a s s e s s m e n t , p o p u l a t i o n ri sks ( a s o p p o s e d t oi n d i v i d u a l r i s k s ) were c o n s i d e r e d . The r i sks were based on three m a j o rf a c t o r s : exposure l e v e l s , b i o d i s p o s i t i o n , a n d evidence o f adverse h e a l t h
e f f e c t s . T h e p o t e n t i a l f o r e xpo sure w a s a dominant f a c t o r . T h u s , risk
e s t i m a t e s f or s ub s t anc e s o f equal b i o l o g i c a l p o t e n c y may be w i d e l y
d i v e r g e n t i f t h e p o p u l a t i o n s e x p o s e d t o them d i f f e r g r e a t l y . T w o p o i n t s
f o l l o w f r o m th i s . F i r s t , some i n d i v i d u a l s may b e e x p o s e d t o h igh l e v e l sof a f i b e r for which the overa l l p o p u l a t i o n e xpo sur e i s low. S e c o n d , theovera l l p o p u l a t i o n risk wou ld change i f u s e p a t t e r n s change.

Current p o p u l a t i o n risk f r o m e x p o s u r e s t o the various sub s tance sc o n s i d e r e d , i n c l u d i n g f i b r o u s g l a s s , a t t a p u l g i t e , a n d carbon f i b e r s ,a p p e a r s to be much l e s s than for the ri sk f r o m a s b e s t o s , e s p e c i a l l yc h r y s o t i l e . However , f u r t h e r i n f o r m a t i o n i s needed to eva lua t e thep o s s i b l e adver s e e f f e c t s o f exposure s t o f i n e f i b r o u s g l a s s a n da t t a p u l g i t e .
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A p p e n d i x A
A S B E S T O S EXPOSURE A N D H U M A N D I S E A S E . H A L L M A R K O B S E R V A T I O N S

AND STUDIES FROM 1898 TO 1979

Disease orBenchmark
Bronchi t i s
P h t h i s i s

C o n t r i b u t i o n t o t h e F i e l d R e f e r e n c e s

Pulmonaryf i b r o s i s

A s b e s t o s i s

A s b e s t o s i s

A s b e s t o s i s

A s b e s t o s i s

" A s b e s t o s f i b e r inha la t i on in the workp lac e
i n j u r i o u s to the bronchial tube s and lungs."C l i n i c a l l a t e n c y m i t i g a t e s agains t e s t a b l i s h i n ga s t r o n g e r a s s o c ia t i on between work with asbes tos
f i b e r and d i s e a s e , because sick workers leaveI n d u s t r y . N o m o r t a l i t y data.
Death due to pulmonary f i b r o s i s (in an asbestos
t e x t i l e worker without t u b e r c u l o s i s ) . A u t o p s yshowed f i b r o s e d lungs and presence of "spicules
of asbestos" In pulmonary t i s sues . When theworker was a l i v e , this spu tum contained whatwas t h o u g h t to be "asbestos sp i cu l e s . " F i b r o s i swas believed to be I n d u c e d by dus t . D i f f e r e n twork areas had a range of dus t c ondi t i ons .
C o m p l e t e h i s t o l og i ca l and gross p a t h o l o g i c a ld e s c r i p t i o n o f asbestos. A u t h o r or iginatedtens a s b e s t o s i s and c i t ed e xper imenta l p a t h o l o g y
s t u d i e s i n d i c a t i n g that a sbe s to s dust causesf i b r o s i s in the lungs of guinea p i g s .
F i r s t m a j o r reviews o f asbes to s i s . D e t a i l e dc l i n i c a l , r a d i o l o g i c a l , and p a t h o l o g i c a ld e s c r i p t i o n s . Cooke noted the presence of"curious bodies" in pulmonary t i s sues ofasbe s t o t i c s . A s b e s t o s i s a t ta ck rate high
f or t e x t i l e workers spinning Canadianchrysot i l e .
"Curious bodies" probab ly some f o r m of coatedf i b e r . Author recommended the tern "asbestosisbody."
Review of a sbe s to s i s in Great Britain and otherpart s of the world. Relationship between
asbe s to s i s and tuberculosis di scus sed.Latency also d i s cu s s ed . Author sugge s t edd i f f e r e n t forms of f i b e r may have d i f f e r e n tb io logical ac t ivi t i e s .

A n d e r s o n , 1898(see G r e e n b e r g ,1982)

Murray, 1907
(see G r e e n b e r g ,1982)

Cooke, 1924

Cooke , 1927;M c D o n a l d , 1927;Oliver, 1927

Cooke , 1929

M e r e w e t h e r , 1930
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A p p e n d i x A ( c e n t . )
Disease orBenchmark
Asbe s to s i s

A a b e s t o s i s

A s b e a t o s i s

A s b e s t o s i s
Pleurala s b e s t o s l s

Contribution to the F i e l d

A s b e s t o s i s

A s b e s t o s i sLung cancer
Asbesto-s i l l co s i sLung cancer
Lung cancerand latencyAsbe s t o s i s

Authors sugge s t ed , on the basis of 57 cases they
had seen, that tuberculos i s increases severi tyof scarring in a s b e s t o t l c s .
"Const i tut ional f a c t o r s " may be important indetermining who among the work f o r c e is"susceptible to asbestosis."
German government issues d i c tum f o r b i d d i n gall those under the age of 18 f r o m employmentin the asbestos industry. Germans f o l l o w e dBritish Home O f f i c e .
Author discussed the d i f f e r e n t physical andchemical p r o p e r t i e s of the various asbestostype s used in commerce ( e . g . , size, shape,"others") and their po s s ib l e role in determiningthe occurrence of d i s ease and the type s andp a t t e r n s o f lesions observed. D i f f e r e n t kindsand in t en s i t i e s of exposures in industry alsodescribed. Geograph i c d i f f e r e n c e s in occur-rence of disease may be related to f i b e r t y p e sa n d / o r genetic fa c t or s . Role of mineralcontaminants unknown.
M o r t a l i t y da ta s u g g e s t e d asbe s to s workers haveshortened l i f e expectancies. Greater attackrate In mi l l s may be related to the "ability ofthe f i b e r to sp l i t l o n g i t u d i n a l l y into f i b r i l screating r e sp irab l e dust."
Primary lung cancer found at a u t o p s y in twofemale t ex t i l e workers with asbestosis.
Primary lung cancer in men employed in t e x t i l ep l a n t s in S o u t h Carolina. Lungs f i b r e s e d .

References

Author found that the l eng th of elapsed timef r om the start of asbestos work until thetime of death was 15 to 21 years in all sixof the cases known to him. In f i v e of thesix cases, the tumors deve loped in the lowerlobes of the lung, whereas in the generalpopulat ion lung cancer was most common inthe upper lobes. It was well recognizedthat the more extensive f i b r o s i s in asbestosiswas also found in the lower lobes of the lung.
Asbes to s i s and Among 943 cases of f a t a l silicosis in Greatlung cancer Britain in 1938, 23 lung cancers occurredattack rate ( 2 . 4 X ) . Among 103 cases of f a t a l asbestosisfor all prior years, 12 lung cancers werefound ( 1 1 . 6 X ) . A t t a c k rates appeared to bed i f f e r e n t , a l though true incidence was unknown.

Wood and Gloyne ,1931

Gerb i s , 1932

G e r b i s , 1932

G l o y n e , 1932

Merewether,1933, 1934

Gloyne , 1935

Lynch andS m i t h , 1935

Nordmann,1938

W i l s o n , 1939 o
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APPENDIX A ( c o n t . )
Disease orBenchmark
A J b e a t o s i s
Lung cancerMesothe-lioma ( ? ) *Othercancers ( ? )
A s b e s t o s l s
Lung cancer

C o n t r i b u t i o n to the F i e l d Ref er enc e s
Compari s on of a u t o p s y series in general popu la-tion with 92 a s b e s t o t i c s . Four t e en malignanciesin a s b e s t o t i c s ( 1 6 2 ) , compared with approx ima t e ly22 in the "unexposed" general p o p u l a t i o n . Metas-tases to p l eura , peritoneum, and pericardium.H i s t o l o g y much l ike "sarcomas."
Prevalence of lung cancer among a s b e s t o t i c sincreases wi th age: 25-34, A . 8 2 ; 35-44, 5.62;45-54, 18.92; 55-64, 25.62; 65 and o l d e r , 23.52.L a t e n c y , do s e , and aging not s e p a r a t e d asf a c t o r s in thi s pa t t ern.

Pneumoconlo s i s Compared m o r t a l i t y experience in d i f f e r e n t

W e d l e r , 1943

Barnett , 1948

G l o y n e , 1951
Lung cancerOther cancersand other

s i t e s

Lung cancer,
o c c u p a t i o n ,and ciga-
re t t esmoking

A s b e s t o s i sLung cancerMeso th e l i oma

"du s ty trades" in Grea t Britain. Age at d ea thfor seven silica-exposed group s ranged f r o m 44to 63 years (lowes t in p o t t e r y I n d u s t r y ) .A s b e s t o s trades averaged 36 years (39 for males,34 for f e m a l e s . A p p r o x i m a t e l y 142 of a s b e s t o t i c sdied wi th lung cancer. A u t h o r noted "strikingly"d i f f e r e n t a t t a c k rate s in males and f e m a l e s :19.62 for male s , 9.72 for f e m a l e s . N e o p l a s m s atother s i t e s twice as high in a s b e s t o t i c s ascompared to o ther pneumoconio s l s g r o u p s (about62, compared to 32).
T h i s s t udy provided evidence linking certainoccupa t i on s ( i n c l u d i n g those involving a sbe s to sexposure) with lung cancer. The s tudy alsoo f f e r e d a d d i t i o n a l evidence a s s o c ia t ingc i g a r e t t e smoking with lung cancer.
Cohort s t u d y of t e x t i l e workers at a p lan tin Great Britain. Inc id enc e d a t a I n d i c a t e da s tandard iz ed m o r t a l i t y ratio (SMB.) of almost14; 11 observed, 0.8 e xp e c t ed for lung cancer inworkers employed b e f o r e "protect ive s tandards"of the Asbe s t o s Regulations Act of 1931.Author cautioned that s m a l l e r risk in workersemployed a f t e r 1931 may be an a r t i f a c t ; theymay have not yet reached "risk" period becauseof their short e lapsed time a f t e r onset ofexposure. An endothel ioma was observed in aworker.

Breslow et al.,1954

D o l l , 1955

*?" indica t e s the disease was not diagnosed by name.
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APPENDIX A ( c e n t . )
Disease orBenchmark___
Pleural meso-thel ioaaEnvironmentalaeso the l loma

Pleural p l a q u e s
Environmentals t i g m a t a

C o n t r i b u t i o n to the F i e l d

A s b e s t o s i s
AbdominaltumorsH e s o t h e l l o m a ( ? )

T h i r t y - t h r e e cases of pleural meso the l iomareported among miners and mi l l er s of crocido-l i t e in the N o r t h w e s t Cape Province, S o u t hA f r i c a . Among the cases were area residentswith no known occupational exposure. H i s t o -logical evidence of a sbe s to s i s was notpresent in all cases.
Pleural f l b r o s i s and c a l c i f i c a t i o n — s t i g m a t a
normally as soc iated wi th f i b r o u s dust I n s u l t —were f o u n d in a p o p u l a t i o n l iving in a regionof F i n l a n d where a n t h o p h y l l i t e asbes tos was minedand m i l l e d . Ambient a sbe s to s p o l l u t i o n wasi m p l i c a t e d .
Abdominal tumors f ound in a s b e s t o t l c s duringau t op sy . Ovarian cancers in women and generalcarcinomatosis (no pr imary) in men.

R e f e r e n c e s

A s b e s t o s bodies
and exposure

A s b e s t o s i sLung cancerMesothe l i oma( p l e u r a l andp e r i t o n e a l )G a s t r o i n t e s t i -nal (61)cancer

Wagner e_£ al.,1960

K i v i l u o t o ,
1960

A s b e s t o s bodie s were f o u n d in pulmonary t i s suesin 26% of 500 consecutive a u t o p s i e s conducted inthe general p o p u l a t i o n of Capetown, South A f r i c a .Use of asbes tos by s o c i e t y was questioned in viewof the known cancer hazard.
M o r b i d i t y a n d m o r t a l i t y d a t a f o r I n s u l a t i o nworkers showed excess cancer and a sbe s to s i saccounting f o r most decreased l i f e expec tancy.Malignanci e s I n c l u d e d lung cancer and pleuralmesothelioaa. T h e r e was also peritonealmeso th e l l oma and an excess of g a s t r o i n t e s t i n a lcancer.

K e a l , 1960

Thomson et a l . ,1963 ~~

S e l i k o f fet al., 1964

Peritoneal Peritoneal mesothelioma seen in crocidolite-mesothelioma exposed workers. Other Intraabdoainal tumorsOther cancer may have been present as well.( G l )
Meso the l i oma Records in an east-end London ho sp i ta l showedthat a large proportion of the aesothellomasthat occurred were in nonoccupationallyexposed person*: resident* living within ahal f mile of an asbestos plant and f a m i l i e sof workers.
Meso the l i oma Mesothe l ioaa observed in shipyard workers whoseBystander j o b s were not asbes tos-related. Most meso-occupational thelioaas occurred in bys tander popu la t i on s .exposure Impor tance of f u g i t i v e dust raised.

Ent lknap and
S m l t h e r , 1964

Newhouse andT h o m p s o n , 1965

H a r r i e s , 1968
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APPENDIX A ( c o o t . )
Disease orBenchmark____
Lung cancerand c i g a r e t t eBooking

Pleura!a sb e s t o s i sPulaonaryasbes to s i sH o u s e h o l d
e xpo sure s

Contribut ion to the F i e l d

Ext rapulmonarycancers
M u l t i p l e cancerin singlehos t s

F i b e r d o s e ,
l a t e n c y ,risk

Evidence s u g g e s t e d that c i gar e t t e - s o ck ingasbes tos workers had a g r e a t l y Increa s edrisk of d e v e l o p i n g lung cancer as comparedto nonsaoking workmates. The risk a p p e a r e d
to be B u l t i p l i c a t i v e — t h e p r o d u c t of bothsmoking and a s b e s t o s risks.
R a d l o g r a p h l c and cl inical survey of 678i n d i v i d u a l s c o h a b i t i n g w i th a sb e s t o s workers.T h i r t y - f i v e percent ( 2 3 9 ) o f themhad pleural or pulmonary asbestosis.Questions raised concerning dust on c l o th ingas the vector of the f i b e r . (In a f o l l o w -up s t u d y p u b l i s h e d in 1979, the authorss t a t e d that they were ascertaining causes ofd e a t h among a l a r g e r p o p u l a t i o n of house-hold members. Of 550 d e c e d e n t s t r a c e d , f i v ed e a t h s were due to p leural me s o th e l i oma.)
SMRs showed s l i g h t excesses of cancer of thel arynx , buccal c a v i t y , brain, skin, k idney ,
pancreas , and p r o s t a t e among 2,271 dea th s(168,000 nan-years of observation) in a cohortof 17,800 i n s u l a t i o n workers in the U n i t e dS t a t e s and Canada. A u t h o r s r e p o r t e d that 2.1%of th e d e a t h s involved m u l t i p l e pr imary cancersand that occul t mal ignanc i e s were pre s en t att ime o f d e a t h .
S h o r t - t e r m ( 1 - m o n t h ) intense expo sure to
amos i t e f i b e r increased lung cancer risk.
Latency period inversely r e la t ed to dose.

Reference s
S e l i k o f f e t a l . ,

1968

A n d e r s e n et a l . ,
1976, 1979

S e l i k o f f e t a l . ,1979

S e l d m a n et a l . ,
1979
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N a t u r a l and S y n t h e t i c F i b r o u s Sub s tanc e* and Some o f t h e i r Known B i o l o g i c a l E f f e c t *
B-l. C O M M E R C I A L A S B E S T O S ( A S B E S T I F O R M )

M i n e r a l
N a t u r a l ;
A c t i n o l i t e

- t r e m o l i t e

A n t h o p h y l l i t e
N>

C h r y s o l i t e

C u a m i n g t o n i t e -grunerite( a m o e i t e )

H i n e r a l o g i c a lCat egory

Chaina i l i c a t e

P a t h o l o g i c a l E f f e c t * Observed
i n A n i m a l s a n d / o r Human**Lung Meso-F i b r o a i a Cancer t h e l i o m a

Chain• i l i c a t e

Layer• i l i c a t e

C h a i na i l i c a t e

R i e b e c k i t e C h a i n
( c r o c i d o l t t e ) a i l i c a t e

Comment*

Common contaminant of amoaite. Hay contaminatec h r y a o t i l e a n d t a l c d e p o a i t * . I n d i r e c t l y l i n k e d
to human d i i eaae . ( H e * o t h e t i o m a among Cypru*
c h r y * o t i l e miner* and m i l l e r * . Pulmonary burden
va* t r e m o l i t e , no t c h r y * o t l l e . ) (F. D. P o o l e y ,U n i v e r s i t y C o l l e g e , W a l e * , p e r a o n a l communi-
c a t i o n , 1 9 7 9 . ) A n i m a l d a t a d e m o n s t r a t e
p a t h o l o g i c a l a c t i v i t y ( C o f f i n e t a j U , 1982;
Cook « *J.., 1982; W a g n e r , 1 9 6 T T .
U s u a l l y a l ow q u a l i t y a sbe s to s . R a r e l y uaed inthe U n i t e d S t a t e a . Present as a contaminant in
a m o s i t e and in some c h r y s o t i l e and t a l c de-
p o s i t s . Data on animal* and humans( i n t e r n a t i o n a l A g e n c y for Research on Cancer ,1 9 7 3 ) . M e s o t h e t i o m a r e p o r t e d in a n i m a l s but
not in e x p o s e d human p o p u l a t i o n s .
H o i t commonly used a* a sb e s t o s in the U n i t e dS t a t e * . A l a o known aa wh i t e aabeato*. Exten-sive d a t a in humans and animal s ( I n t e r n a t i o n a l
A g e n c y for Research on Cancer , 1 9 7 3 ) .
Common t r a d e name "amosite." A l a o known aabrown asbestos. Uaed e x t e n a i v e l y in U . S . sh ip-y a r d s ( I n t e r n a t i o n a l A g e n c y f or Research onCancer , 1 9 7 3 ) . E x t e n a i v e b i o l o g i c a l d a t a on
humans snd a n i m a l s ( I r w i g e t i l l . , 1979; S e i d m a n
e t _ a K , 1 9 7 9 ) .
A l a o known a* b lue aabeatos . E x t e n s i v e b i o l o g -ical d a t a on human* and animal* ( I n t e r n a t i o n a lA g e n c y for Research on Cancer , 1 9 7 3 ) .

"+", p a t h o l o g i c a l e f f e c t haa been observed in a n i m a l s a n d / o r human*,
"-".pathological e f f e c t haa not been observed.

T5"DCD
CLX*
DO



B-2. V A R I A B L E Q U A L I T Y F I B E R S ( P R O B A B L Y A S B E S T 1 F O R H )

Miner*!
N a t u r a l :
B r u c i t e( n e m a l i t e )

E r i o n i t e

M i n e r a l o g i c a lC a t e g o r y

Layerhydrox ide

Z e o l i t e

P a l y g o r s k i t e b

( a t t a p u l g i t e )

S e p i o l i t e b

P a t h o l o g i c * ! E f f e c t * Observedi n A n i m a l * a n d / o r Human**
L u n g H e a o -

F i b r o s i * Cancer t h e l i o m a

Layer * i l i -cate w i t ht r i p l e
•ubchain
•truc tur e

L a y e r s i l i -ca t e w i t ht r i p l e
subchain
s t r u c t u r e

C o m m e n t s

R e l a t i v e l y rare. C o n t a m i n a n t o f c h r y c o t i l e
d e p o s i t s . H u m a n c o n t a c t t h r o u g h c h r y * o t i l ep r o c e s s i n g . E x p e r i m e n t a l l y i n d u c e d f i b r o * i *
and m e s o t h e l i o m a * in mice ( P o t t e_£ a_l., 1974,
1 4 7 6 ; S c h n t t z e r a n d P u n d s a c k , 1 9 7 0 ) .
Occurs a s a m i n e r a l c o n a t i t u e n t o f t u f f a c e o u s( v o l c a n i c , a s h ) d e p o s i t s . A s s o c i a t e d w i t he n d e m i c m e s o t h e l i o m a among r e s i d e n t s o fC a p p a d o c i a n P l a t e a u o f c e n t r a l T u r k e y . P l e u r a l
p l a q u e s a n d p u l m o n a r y f i b r o i i s a l s o r e p o r t e d
( A r t v i n l i a n d B a r i s , 1 9 7 9 ; Bari s e t ^ a K , 1978;
S u z u k i . 1982).
U s e d as an ab sorbent in c o s m e t i c s , d r u g s ,
i n s e c t i c i d e s . Known under the t r a d e name" a t t a p u t g i t e . " Other f i b r o u s v a r i e t y i s
M o u n t a i n L e a t h e r . I n e x p e r i m e n t a l s y s t e m s ,shown to be m e m b r a n o l y t i c ( B i g n o n et a l . , 1980;
K o s h i e t £ l . , I 9 6 H ; P o t t e t *_1., 1974, 1976;
S a k a b e e£ a_l., 1 9 7 1 ; S c h n T t t e r and P u n d s a c k ,
1970).
N o t used i n t h e U n i t e d S t a t e s . I m p l i c a t e d i np l e u r a l p l a q u e d e v e l o p m e n t i n B u l g a r i a ( B u r i k o v• n d H i c h a i l o v a , 1 9 7 2 ) . L i m i t e d an imal d a t a
sugges t b i o l o g i c a l a c t i v i t y ( P o t t *! aj.., I97*>1 9 7 6 ; S a k a b e « * . £ _ [ . , 1 9 7 1 ) . T h e r e are no
b i o l o g i c a l d a t a on meerschaum, a v a r i e t y o f• e p i o l i t e used i n m a k i n g p i p e s f o r smok ing .

K J*-

•See f i r s t pag e o f A p p e n d i x .occur in f i b r o u s and n o n f i b r o u s f o r m s .



B - 2 . V A R I A B L E Q U A L I T Y F I B E R S ( P R O B A B L Y A S B E S T I F O R M ) ( c e n t . )
P a t h o l o g i c a l E f f e c t * Observed
i n A n i m a l s a n d / o r H u m a n s "

Lung H e a o -
Hineral___________ F i b r o s i s Cancer t h e l i o m a Comment s
S y n t h e t i c ;
F i n e g l a s s f i b e r( t e x t i l e q u a l i t y )

Pine whi sker s
( e . g . , m e t a l s , o x i d e s ,and c a r b i d e s )

M a n u f a c t u r e o f s m a l l d i a m e t e r g l a s s f i b e r s i sr e l a t i v e l y recent. For d a t a on f i b r o u s g l a s s inhumans, see C h a p t e r 5. For animal d a t a , see
A p p e n d i x E. I n f o r m a t i o n on the f i n e n e s s o ff i b r o u s g l a s s i s o f t e n n o t a v a i l a b l e .
Some whi sker s have f i b r o u s minera l e q u i v a l e n t s .
H o o t carbon f i b e r s ( s o - c a l l e d g r a p h i t e w h i s k e r s )
have a c h r y s o l i t e t y p e s t r u c t u r e . For moat
w h i s k e r s and carbon f i b e r s , there are no
b i o l o g i c a l d a t a .

•See f i r s t page o f A p p e n d i x . to



B-3. V A R I A B L E Q U A L I T Y F I B E R S ( P O S S I B L Y A S B E S T I F O R M )
M i n e r a l _______ M i n e r a l o g i c a l C a t e g o r y
N a t u r a l ;
C h a t c o t r i c h i t e F i b r o u s c u p r i t e

C h l o r i t e a Layer s i l i c a t e s

C o m p l e x a u l f i d e s( e . g . , j a m e a o n i t e
and p l u m o a i t e )

F i b r o u s q u a r t z ,c h a l c e d o n y
S i l i c a m i n e r a l s

C l a u c o p h a n e
( r h o d e a i t e )

A m p h i b o l e

Guenbe1 i te
H a l l o y a i t e

( t u b u l a r h a l l o y a i t e )

Layer a i l i c a t e
L a y e r s i l i c a t e

M i m w a o t a i t e Layer s i l i c a t e

C o m m e n t s

T h i s "mineral" i s p r o b a b l y a f i b r o u s v a r i e t y
o f c u p r i t e ( c o p p e r o x i d e ) . Rare.
H a n y c h l o r i t e a are known to have p r o b a b l e
a s h e s t i f o r m charac t e r . T h e y u s u a l l y c r y s t a l l i t e i n
m i c r o s c o p i c s c a l e and are r e l a t i v e l y w i d e s p r e a d in
many m e t a m o r p h i c rocks.
L i k e o t h e r s u l f i d e s , t h e s e m i n e r a l s a r e f r e q u e n t l y
f i b r o u s . Some have s m a l l d i a m e t e r s and are t rue
f i b e r s ( H a l e e v e j t s_l . , 1 9 7 2 ) . T h e m i n e r a l s a r e
r a t h e r rare m i n e r a l o g i c a l c u r i o s i t i e s .

H o s t f i b r o u s q u a r t t i s n o n a s b e s t i f o m . L i k e o ther
s i l i c a m i n e r a l s , t h e y a r e p o s s i b l e i n d u c e r s o fs i t i c o s i s ( L a n g e r , 1 9 7 8 ) . F i n e "g la s s " f i b e r s were
r e p o r t e d t o have a q u a r t z (or o t h e r a i l i c a )
s t r u c t u r e . T h e r e are no b i o l o g i c a l d a t a on th e s e
q u a r t z t y p e f i b e r s .
T h i s a m p h i b o l e occurs o c c a s i o n a l l y i n aubmicro-
s c o p i c f i b e r s . T h e p h y s i c a l c harac t e r o f t h e
f i b e r a i s not known. It i s p o s s i b l e that t h ey arel i k e o t h e r a s b e s t i f o r m a m p h i b o l e f i b e r s a n d n a y
have c o m p a r a b l e b i o l o g i c a l a c t i v i t y . C l a u c o p h a n e s
are r e l a t i v e l y w i d e s p r e a d in c e r t a i n m e t a m o r p h i c
rocks.
A rare m i n e r a l o c c a s i o n a l l y d e s c r i b e d as " f i b r o u s . "
I n t u b u l a r h a l l o y a i t e , t h e a i l i c a t e l a y e r s a r ec u r l e d up in t u b e a , as in c h r y s o t i l e . The averaged i a m e t e r o f the tubea ia l a r g e r than in c h r y s o t i l e ,
and most of the h a l l o y a i t e f i b e r s are assumed to
have d i a m e t e r s l a r g e r than r e s p i r a b l e s i t e .
T h e r e are r e p o r t s on a a b e a t i f o r * occurrences of
m i n n e s o t a i t e ( C r u n e r , 1966). S a m p l e s o f f i b r o u s• i n n e a o t a i t e examined to d a t e a p p e a r to be
nonaabest i f o rm.



B-3. V A R I A B L E Q U A L I T Y F I B E R S ( P O S S I B L Y A S B E S T I F O R H ) ( c o n t . )
M i n e r a l M i n e r a l o g t c a l C a t e g o r y

Z e o l i t e

Comment t

N a t i v e element•(e.g., antimony,a i lv e r , e t c .)

N e p h r i t e

Other a i i p h i b o l e a(e .g . , r i c h t e r i t e ,
w i n c h i t e )

P y r o l u a i t e

Rut lie

S e r i c i t e , i l l i t e

J a d e o f a c t l n o l i t e - t r e m o l i t e

Manganese h y d r o x i d e

T i t a n i u m o x i d e

M i c a s , l ayer a i l i c a t e a

S u l f i d e M i n e r a l a
(e.g., s p h a l e r i t e ,H i t l e r i t e )

There ar e some l i m i t e d d a t a i n d i c a t i n g tha t t h i s
mineral produc ea f i b r o s i a e x p e r i m e n t a l l y ( S u z u k i ,
1982). There are no d a t a on humana. Otherz e o l i t e * s i m i l a r to mordeni t e are r e l a t i v e l y rare.

W i r e l i k e f i b r o u a c r y a t a l a o f t h e native e l ement*,such aa s i l v e r , are r e l a t i v e l y common. Some of the
•mailer f i b e r a have p r o p e r t i e s comparable to thoae
o f m e t a l l i c whiskers ( M a l e e v e t_ al.. 1972).
E l e c t r o n micro s cope s t u d i e s shoved tha t th e
a m p h i b o l e ( a c t i n o l i t e - t r e m o l i t e ) c r y a t a l a i n
n e p h r i t e are f i b r o u a and may be a a b e a t i f o r m .
A l t h o u g h there ia no i n f o r m a t i o n on t h e i r b i o l o g i c a lbehavior, t h e i r p h y s i c a l p r o p e r t i e a a p p e a r to be
a i m i l a r to thoae o f other a a b e a t i f o r m amph ibo l ef i b e r a . These minerala may occur aa contaminant*in commercial d e p o a i t a of other m a t e r i a l s , e.g.,
winchi t e ia a contaminant of some t a l c d e p o s i t s .
T h i * mineral occura r e l a t i v e l y commonly in a p l a t y
d e n d r i t i c f o r m in layered s ed imen tary rocka. It ia
not known whether any p o r t i o n of it ia a a b e a t i f o r m .
A a b e a t i f o r m f i b e r * of r u t i l e have been d e t e c t e d a*
f i n e f i b r o u a i n c l u a i o n a i n other c r y s t a l s ( e .g . ,q u a r t z ) ( M a l e e v e t _ a U , 1 9 7 2 ) . A a b e a t i f o r m f i b e r a
of r u t i l e are e x t r e m e l y rare.
S e r i c i t e haa been i m p l i c a t e d aa a s carr ing agent ine a r l y a i l i c o t i * a t u d i e s . Animal da ta s u p p o r tf i b r o g e n i c a c t i v i t y (Cummina, 1936). Human da taequivocal due to complex nature of duat exposure*.There are no data on their a*b e* t i f o rm characterand carc inogenic i ty.
S u l f i d e mineral* f r e q u e n t l y c r y s t a l l i z e in a
f i b r o u a habit . They are r e l a t i v e l y rare and large( f i l i f o r m ) . T h u s , i n h a l a t i o n exposure t o these
minera la are not of concern.
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B-3. V A R I A B L E Q U A L I T Y F I B E R S ( P O S S I B L Y A S B E S T I F O R M ) ( c o n t . )
M i n e r a l
N a t u r a l :
T a l c ( a g a l i t e )

T o u r m a l i n e •

V e r n i c u l i t e a

U o l l a a t o n t t e ,
p e c t o l i t e

S y n t h e t i c ;
Coarae wh i sk er s
H e a v i e r f i b e r g l a a a

and rock wool
F i n e atee l w o o l ,

piano cord

M i n e r a l o g i c a l C a t e g o r y

Layer a i l i c a t e

Ring a i l i c a t e

M i c a l i k e l a y e r s i l i c a t e *

Chain a i l i c a t e a

Comment a

H e t a l a a n d i n o r g a n i c c o m p o u n d s

Many t a l c s a m p l e s c o n t a i n a a b e s t i f o r n a m p h i b o l e a .
Some t a l c ia known to be a a b e a t i f o n * . and haa been
l i n k e d t o e x c eaa m a l i g n a n c i e s i n some p o p u l a t i o n s
( K l e i n f e l d e t a N , 1 9 6 8 ) .
H i g h q u a l i t y a a b e a t i f o r m f i b e r s were d i s covered i n
the U r a l M o u n t a i n s ( T a r n o v a k i i e_t a_l., 1 9 7 6 ) and inS w i t z e r l a n d ( O i e t r t c h e t a l . , 1 9 6 6 ) . T h e y a r e rarem i n e r a l o g i c a l c u r i o s i t i e s .
V e r m i c u l i t e a c r y s t a l l i t e i n f i b e r l i k e c r y s t a l s .T h e y may be a a b e a t i f o r m . T h e y are w i d e l y used in
i n d u s t r y a a i n s u l a t o r s , s o i l a u b a t i t u t e a , a n d
absorbent*. V e r m i c u l i t e is cons idered to be a
p o t e n t i a l l y f i b r o g e n i c m i n e r a l (Bowea e _ t a _ K , 1 9 7 7 ) .
H a a been shown t o s t i m u l a t e i n t e r f e r o n p r o d u c t i o n
i n a p e c i f i c c e l l a i n v i t r o ( H a h o n e t a l . , 1980).
L i m i t e d human d a t a a u g g e a t p o a a i b l e l o w r i a k o f
p n e u m o c o n i o a i a and exceaa cancera. T h e r e ia no
i n f o r m a t i o n o n t h e i r p o a a i b l e a a b e a t i f o r m
p r o p e r t i e s .

P r o b a b l y l a r g e r t h a n r e a p i r a b l e s ize .
P r o b a b l y l a r g e r t h a n r e a p i r a b l e a iz e .

P r o b a b l y l a r g e r t h a n r e a p i r a b l e a i z e .

K>*-VD



B-4. POOR Q U A L I T Y F I B E R S ( Q U E S T I O N A B L Y A S B E S T 1 F O R M ) c

M i n e r a l
N a t u r a l ;
Other chain a i l i c a t e a
S t i l p n o m e l a n e
Other f i b r o u s z e o l i t e a
Other f i b r o u s a i l i c a t e a
H a l idea
H a g n e a i u m - f l u o r i t e
A r a g o n i t e and c a l c i t e ^
Gypsum"*
E p a o m i t e d

P y r o m o r p h i t e ' '
Other f i b r o u a mineral*

E x a m p l e * and Comment»

Pyroxene•, r h o d o n i t e , x o n o t l i t e , apodumene
F r e q u e n t l y f i b r o u s , rare l a y e r s i l i c a t e
N a t r o l i t e , t h o m s o n i t e , e d i n g t o n i t e . Commonly f i b r o u s .
E p i d o t e , c h r y a o c o t l a
F i b r o u a v a r i e t i e s o f h a l i t e , s y l v i t e
F i b r o u a var i e ty: zambonini t e
C a r b o n a t e s . F i b r o u a v a r i e t y : a a t i n s p a r
S u l f a t e . F i b r o u s v a r i e t y : s a t i n spar
F r e q u e n t l y f i b r o u s v a r i e t y : hydrou s a u t f a t e
O c c a s i o n a l l y f i b r o u s v a r i e t y : p h o s p h a t e
E r y t h r i t e , a t a c a m i t e , o r p i m e n t , h emat i t e , g o e t h i t e , a i d e r i t e ,

s t r o n t i a n i t e , a t u n i t e , d a t o l i t e , c h a l c a n t h i t e , m e l a n t e r i t e

toO»O

N a t u r a l g l a s s :
P e l e ' a hair N a t u r a l v o l c a n i c g l a s s tha t f o r m s f i b e r s . G e n e r a l l y d i a m e t e r s

too large to be r e s p t r a b l e .

S y n t h e t i c ;
S t e e l woo l , f i n e wire s ,

and corda
Coarae f i b e r g l a s sand rock wool

N o t l i k e l y t o b e r e s p i r a b l e

N o t l i k e l y t o b e r e s p i r a b l e ( s e e f i n e g l a s s f i b e r , a b o v e )

c T h e s e m i n e r a l s ar e o f t e n f i b r o u a and may o c c a s i o n a l l y b e a s b e a t i f o r m .
Some are water s o lub l e .^ S o l u b l e f i b e r a , e s p e c i a l l y c a r b o n a t e s , s u l f a t e s , e t c . , m i g h t t e n d n o t t o show
t h e p a t h o l o g i c a l e f f e c t a induced b y d u r a b l e f i b e r s .
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A p p e n d i x C
F I B E R - Q U A L I T Y P A R A M E T E R S O F S E L E C T E D A S B E S T O S ,

W H I S K E R , A N D G L A S S F I B E R S

T h e s t r e n g t h - d i a m e t e r e f f e c t o f f i n e wires a n d f i b e r s h a s been
di s covered and r ed i s c over ed several t ime s dur ing the l a s t 250 years.
Each time it e x c i t e d great in t er e s t w i t h i n the s c i e n t i f i c community but
was soon doub t ed and f i n a l l y ignored a f t e r a f ew years. It i s d i f f i c u l t
to e x p l a i n the reasons for t h i s c y c l i c a l in t ere s t in the
s t r e n g t h - d i a m e t e r e f f e c t . One reason could be that no s a t i s f a c t o r y
theory has been d e v e l o p e d and e x p e r i m e n t a l l y proven. T o d a y , it isp o s s i b l e to observe s u r f a c e d e f e c t s and other submicroscopic f e a t u r e s ,
such as the d i s s o l u t i o n p a t t e r n o f f i b e r s , but the s u r f a c e s t ru c tur e o f
f i n e f i b r o u s sub s tance s s t i l l cannot be de t ermined.

In the early 1800s, Karmars ch ( 1 8 3 4 ) c o m p l e t e d an extensive and
s y s t e m a t i c s t u d y on the s t r e n g t h - d i a m e t e r e f f e c t o f 18 d i f f e r e n t me ta land a l l o y wires. In 1859, he der ived an equa t i on e x p r e s s i n g the
r e l a t i o n s h i p be tween t h e i n c r e a s i n g s t r e n g t h ( F ) a n d t h e d e c r e a s i n g
d i a m e t e r ( D ) o f s m a l l - d i a m e t e r wires. H i s equa t i on ( r e p h r a s e d b y
G r i f f i t h , 1 9 2 1 ) i s :

F « A + B / D , . ( C - l )
where A and B are c o n s t a n t s .

The cons tant A in the Karmarsch equat ion ( C - l ) was i n t e r p r e t e d byOrowan ( 1 9 3 3 ) as the s t r e n g t h of the internal s t ruc ture and B as thes t r ength of the s ur fa c e structure. However, the Karmarsch equation didnot s a t i s f y all the more than 100 a v a i l a b l e s t r e n g t h - d i a m e t e r
measurements. T h i s prob l em was recent ly resolved ( Z o l t a i , 1981) by
changing the s u r f a c e area-to-volume ra t i o ( B / D in the Karmars ch e q u a t i o n )to incorporate other f e a t u r e s of the s ur fa c e s tructure, e.g., the d e p t h
of the s u r f a c e l a y e r , the presence of growth s t e p s ( M a r s h , 1 9 6 2 ) , and the
e f f e c t o f l o n g i t u d i n a l c leavages (Cook and Gordon, 1964). T h u s ,

' Of - 0£ (1 + 4 K / D ) 1 * 4 k / D , ( C - 2 )
where 0f is the s t r e n g t h of the f i b e r , o£ is its internal s t r e n g t h , and K
and k are f a c t o r s e x p r e s s i n g the increased s t r e n g t h of the s u r f a c e layer overthat of the internal s truc ture .

253



254
T a b l e C-l shows the f i b e r charac t er i s t i c s (internal s t r e n g t h , K and kc o n s t a n t s , e t c . ) of a s e l e c t e d group of natural and s y n t h e t i c f i b e r s .The values shown in the tab l e i l l u s t r a t e the general c h a r a c t e r i s t i c s ofthe e x a m p l e s and the r e l a t i v e m a g n i t u d e s of the parame t er s given.E x p e r i m e n t a l d a t a in r e p o r t s by various researchers are d i f f i c u l t tocompare because they o f t e n u s e d i f f e r e n t e x p r e s s i o n s o f s t r e n g t h ,

d i f f e r e n t m e t h o d s , a n d d i f f e r e n t un i t s o f measurement. F u r t h e rl i m i t a t i o n s r e su l t f r o m inaccurate r e a d i n g s o f s t r e n g t h and d i a m e t e r
va lue s f r o m p u b l i s h e d s m a l l - s c a l e graph s .

S I G N I F I C A N C E O F T H E F I B E R - Q U A L I T Y P A R A M E T E R S
From the measurement of the t e n s i l e s t r e n g t h of s e t s of f i b e r s andf r o m subsequent c a l c u l a t i o n s ( u s i n g the above e q u a t i o n s ) , one canc a l c u l a t e : ( 1 ) t h e in t ernal s t r e n g t h o f t h e f i b e r s ( a j ) a n d ( 2 ) t w oc o n s t a n t s (K and k), which e x p r e s s the r e l a t i v e increase in the s t r e n g t hof t h e s u r f a c e s t ruc ture . T h e s e parame t e r s r e f l e c t t h e d i f f e r e n c e s inthe mechanical p r o p e r t i e s o f f i b e r s that grew under d i f f e r e n t c ond i t i on s

or that were m o d i f i e d by treatment and wear.
The f o l l o w i n g c o n c l u s i o n s about f i b e r - q u a l i t y parameter s may be

relevant t o t h e p o t e n t i a l h e a l t h e f f e c t s o f f i b e r s :
(1) The mechanical p r o p e r t i e s o f f i b e r s ar e d i r e c t l y r e l a t e d t o t h e

common p r o p e r t i e s o f a s b e s t i f o r m f i b e r s . C o n s e q u e n t l y , t h e threep a r a m e t e r s can be used as numerical i n d i c a t o r s of the degree of
a s b e s t i f o r m d e v e l o p m e n t o f f i b e r s .

(2) - The two c o n s t a n t s , K and k, must be p o s i t i v e for a s b e s t i f o r m
f i b e r s in order to account for th e i r enhanced s t r e n g t h and f l e x i b i l i t y .

- The K and k c o n s t a n t s must be equal to zero for c r y s t a l s thathave no enhanced s t r e n g t h d e s p i t e a d e f e c t - f r e e s u r f a c e s t ruc ture .
- The R and k c o n s t a n t s must be nega t ive for c l eavage f r a g m e n t s

and other f r a g m e n t s whose s u r f a c e s are weaker than the ir internal
s t ruc ture because of the p h y s i c a l damage in troduc ed by f r a c t u r i n g andsubsequent proce s s e s .

(3) Because of the i n t e r d e p e n d e n t nature of the common a s b e s t i f o r mf i b e r p r o p e r t i e s , these three parameter s may i n c l u d e a d ire c t or indirect
measure of the cr i t i cal physicochemical p r o p e r t y or proper t i e s that maybe p r i m a r i l y r e s p o n s i b l e f o r t h e adverse h e a l t h e f f e c t s o f a s b e s t i f o r mf i b er s . However, the nature of r e l a t i o n s h i p between the f i b e r q u a l i t yand carcinogenic p o t e n t i a l of a s b e s t i f o r m f i b e r s i s s t i l l unknown*



T A B L E C - l . F i b e r "Parameters" o f S e l e c t e d A s b e s t o s , W h i s k e r , a n d G l a s s F i b e r *

M a t e r i a l or F i b e r
F i b e r « l a » » :
Fuaed * i l i c a
Fu*ed a i l i c a
T e x t i l e f i b e r
F u a e d * i l i c a
T e x t i l e f i b e r
Alunimm-boron• i l i c a t e
M e t a l Wht*ker«:
S i l v e r
C o p p e r
C o p p e r

C o p p e r

I r o n
I r o n
I r o n
N i c k e l coated
S i l i c o n
C h r o n i u f i

I n t e r n a l
S t r e n g t h( k g / c « 2 )

9,600
9,500
2,850
2,100
2,900

21,500

3,400
4,400
2,600

1,250

6,700
4,500

438
480

6,375
16,000

K k

+2.4
+1.9 -
+9.3

+20
+4.6
+0.01 -

+ 1.6
+2.2
+2.3

+ 12

+2.9
+0.8 +0.8
0.9 +0.3

+1.0 +0.4
+ 1.9
+0.3

S t r e n g t h a t
1 |im d i a m e t e r
( k g / c m ? )

>10
82,000

115,000
175,000

57,000
22,000

25,000
42,000
27,000

64,000

85,000
109,000

14,000
32,000
56,000
37,000

C o r r e l a t i o n
C o e f f i c i e n t

0.76
0.74
0.99
0.85
0.84
0.97

0.37
0.75
0.69

0.79

0.68
0.84
0.89
0.91
0.80
0.74

Range o f
D i a m e t e r *
( t i n )

2 -35
2 -25
2.5-18
1.5-10
4 -11
0.1- 1.5

2.5-11
2 -16
2 -14

3 -16

2 -15
2 - 4
1 - 3
1 - 2
1 -40
0.3-1.2

N u m b e r o f
F i b e r *

148
23

>200
18
21

9

10
32
43

29

39
14

9
8

34
24

R e f e r e n c e *

Reinkober, 1931
R e i n k o b e r , 1931
A n d e r e g g , 1939
A n d e r e g g , 1939
B a t e * o n , 1958
B a r t e n e v and

I z m a i l o v a , 1962
N>

Brenner , 1956
Brenner, 1956
B o k a h t e i n et al. ,

1963
U o l f f a n d C o i k r e n ,

W 5
Brenner, 1953
H e r z o g , 1963
W e i k , 1959
W e i k , 1959
H a r * h , 1963
SalKind e£ a_l . , 1970



T A B L E C - l ( c e n t . )
I n t e r n a l
S t r e n g t h

M a t e r i a l o r F i b e r ( k g / c m ? )
S t r e n g t h a t Range o f
1 i ia d i a m e t e r C o r r e l a t i o n D i a m e t e r * N u m b e r o f
( K g / c m 2 ) C o e f f i c i e n t d i m ) F i b e r * R e f e r e n c e

H a t i d e W h i a k e r a ;
L i t h i u m f l u o r i d e

P o t a a a i u m c h l o r i d e
S o d i u m c h l o r i d e ( w e t )

S o d i u m c h l o r i d e
S o d i u m c h l o r i d e
S o d i u m c h l o r i d eceramic a u b a t r a t e
S o d i u m c h l o r i d eo i l a u b a t r a t e
S o d i u m c h l o r i d ea l c o h o l a o l u t i o n
Oxide W h i a k e r a :
Z i n c ox ide
D i a l u m i n u m t r i o x i d e

D i a l u m i n u m t r i o x i d e
D i a l u m i n u m t r i o x i d e
D i a l u m i n u m t r i o x i d e
Dialuminum t r i o x i d e

4,250

120
90

325
450
250

170

100

400
13.000

19,000
36,000
39,000
58,000

+0.4 +0.2

+0.7 +0.3
+0.3

+0.6 +1.7
+0.5
+0.9 +0.7

+1.5 +0.7

+2.9 +1.0

+0.6 +0.3
+2.1

+2.1
+0.2
+0.6
+0.5

19,000

2,250
200

3,500
1,400
7,600

60,000

949,000

10,400
123,000

178,000
100,000
139,000
150,000

0.60

0.71
0.23

0.75
0.66
0.84

0.84

0.74

0.73
0.70.

0.61
0.39
0.60
0.63

0. 5-20

1 -25
3 - 7

1 -25
1 -10
2 -14

2 -15

3 -15

2 -40
1.5-15

1 -20
0.6-38
0.6-28
0.5- 5

32

22
11

55
I B
42

27

46

27
46

27
40
33
31

P r i d m a n a n d S h p u n t ,
1963

N a r a h , 1963
E w a l d and P o l a n y i ,

1925
C y u l a i , 1954
H a r a h . 1963
C y u l a i et a t . , 1961

C y u l a i e£ aK , 1961

C y u l a i et. £l . , 1961

Evans et. a_l. . 1964
Bayer and C o o p e r ,1967
N e h a n et •!. , 1965
M e h A n et_ a_l. , 1966
S o l t i a , 1967
K e l a e y a n d K r o c k ,

D i a l u m i n u m t r i o x i d e 73,000 +0.3 166,000 0.66 1.5-25 29
1967

B o k a h t e i n et a t . ,1968

in



T A B L E C - l ( c e n t . )
I n t e r n a lS t r e n g t h

M a t e r i a l o r F i b e r ( k g / e n ? )
S t r e n g t h a t Range o f
1 urn d i a m e t e r C o r r e l a t i o n D i a m e t e r *
( k g / c m 2 ) C o e f f i c i e n t

N u n b e r o f
F i b e r a R e f e r e n c e

Carbon and C a r b i d eW h i a k e r a :
C r a f i l A
Thornel 50

PAN Precursor

Same at
Sane at
S i l i c o n

S i l i c o n
S i l i c o n
S i l i c o n
S i l i c o n
S i l i c o n
S i l i c o n

1 , 0 0 0 ° C
2 , 5 0 0 ° C
carbide

carb ide
carbide
carb ide
carbide
carb id e
n i t r i d e

3,850
4,250

1.800

25,400
2,750
4,500

9.900
10,100
72,000
46.500
47.900

8,700

+0
+2

+4

+0
+3
+1

+0
+0
+0
+ 1
+0
+2

.9

.4 +0.8

.6 +1.3

.2 +0.1

.8 +1.1

.2 +0.4

.1 +0.2

.3 +0.1

.7

.2

.1

.6

64,

61,

480.

12,
34,

283,
264,

000
>10

>10

000
>10
noo
000
000
000
000

70,00
too, 000

0.11
0.40

0.41

0.40
0.41
0.46

0.30
0.49
0.29
O . S 4
0.13
0.78

7
7

7

7
7
2

0.
1
3
2
1
0.

-11
-10

-10

-11
-11
- 5

2- 5
- 4
-55
- 8
- 6

7-10

11
36

36

82
37
11

15
20
19
34
34
16

P e r r y e£ a_l . , 1971
Jonea and Dune an,1971
J o n e a and Duncan,

1971
J o n e a , 1971
J o n e a . 1971
K i r c h n e r a n d K n o l l ,

1963
Cook, 1970 \ji»J
C o o k , 1970
W e b b e£ a_l . , 1966
N o o n e , 1967
H e r t o g , 1967
Bayer and Cooper ,

1967



T A B L E C - l ( c o n t . )

M a t e r i a l or F i b e r
Atbe*t i f o r a Mineral
C h r y a o t i l e
Croc idol ite
A n t h o p h y l l i t e
A n t h o p h y l l i t e

Ruti le
J a n w s o n i t e

S y n t h e t i c A a b e a t o a :
H a g n e a i i n a - f l u o rrichteri te
Same, a low cooled
L i t h i i m - f l u o r

a n p h i b o l e

I n t e r n a lS t r e n g t h( k f t / c . 2 )
Fibera:

2,450
6,150
3,000

670

14,000
830

1,200

4,700
1,650

K k

+1.0 +0.1
+0.6
+1.5
+0.6 +0.3

+2.5
+ 11

+6.0

+1.0
+1.8

S t r e n g t h at
1 |in d i a m e t e r
( k g / c « 2 >

127,000
22,100
21,000

8,200

127,000
24,000

29,000

23,000
13,200

C o r r e l a t i o nC o e f f i c i e n t

0.88
0.77
0.81
0.92

0.88
0.75

0.90

0.78
0.92

Range of
Diameter*( M m )

1.5-19
1 -24
0.7-21
0.5- 6

4 -56
10-105

1.5-25

I -24
1.5-24

Number o fF i b e r a

I t
28
31
25

32
36

24

22
27

R e f e r e n c e

N a d g o r n y i e£ a_l. , 1965
Nadgornyi et at. , 1965
N a d g o r n y i e£ a l . , 1965
Z o l t a i , per tonal co«-

n u n i c a t i o n , 1983
Maleev et. a_j_. , 1972
M a l e e v et <al . , 1972

toV / i00
Hadgornyi e£ aK, 1965

N a d g o r n y i e£ al. , 1965
N a d g o r n y i et a l . l , 1965

S a m e , a low cooled 2,150 +3.9 35,000 0.92 0.8-15 N a d g o r n y i «_t a_l., 1965
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A p p e n d i x D
C O N C E P T U A L MODEL O F F I B E R E X P O S U R E

Because measurement o f e x p o s u r e s t o a l l p o t e n t i a l l y h a z a r d o u s
a s b e s t i f o r m f i b e r s i s t e c h n i c a l l y i n f e a s i b l e in some cases and
p r o h i b i t i v e l y , e x p e n s i v e i n o t h e r s , i n d i r e c t m e t h o d s o f e s t i m a t i n g
expo sure must augment the d i r e c t measurement s . A l t h o u g h the c o m m i t t e e
did no t d e v e l o p a c o m p r e h e n s i v e m a t h e m a t i c a l mode l o f f i b e r e x p o s u r e , i t
did d e v e l o p a c o n c e p t u a l mode l o f the c o m p u t a t i o n s that would be
nece s sary f o r a f u l l m a t h e m a t i c a l model o f t h e e xpo sur e pro c e s s . T h i sc o n c e p t u a l model enab l ed t h e c o m m i t t e e t o i d e n t i f y t h e f a c t o r s that c ou ld
be i m p o r t a n t in d e t e r m i n i n g e xpo sur e so t h a t it c o u l d seek i n f o r m a t i o n in
an organized way and a t t e m p t to r e l a t e the i n f o r m a t i o n about one f i b e r
t y p e t o t h a t f o r o ther f i b e r s t o f a c i l i t a t e a n a n a l y s i s o f c o m p a r a t i v e
expo sure p o t e n t i a l s .

F i g u r e D-l p r o v i d e s a c o n c e p t u a l overview of the c a l c u l a t i o n s t ha t
would be necessary to e s t i m a t e nonoc cupa t i onal exposure s of humans in the
absence o f d i r e c t measurement s . The scheme shows f o u r t y p e s o f
i n f o r m a t i o n : q u a n t i t i e s , f a c t o r s , u n i t s , a n d . o p e r a t o r s . A q u a n t i t y i s a
c a l c u l a t e d numeric value tha t r e p r e s e n t s some p h y s i c a l a sp e c t o f e x p o s u r e
to a s b e s t i f o r m f i b e r s . A f a c t o r i s an exogenous ( e x t e r n a l ) input to the
c a l c u l a t i o n , which can be measured or i t s e l f c a l c u l a t e d o u t s i d e the
sys t em. W i t h o u t f a c t o r i n p u t s , t h e q u a n t i t i e s cannot b e c a l c u l a t e d .
U n i t s are the p h y s i c a l u n i t s of measurement for the q u a n t i t i e s and
f a c t o r s . An o p e r a t o r is a m a t h e m a t i c a l m a n i p u l a t i o n that derives a newq u a n t i t y f r o m one or more f a c t o r s and other q u a n t i t i e s . For e x a m p l e , the
q u a n t i t y "human intake rate (by i n h a l a t i o n ) " i s c a l c u l a t e d by m u l t i p l y i n g( u s i n g the m u l t i p l i c a t i o n o p e r a t o r on) the q u a n t i t y "ambient
c onc en t ra t i on in air" by the f a c t o r "breathing rate." In each s t e p , the
input q u a n t i t y i s a r e su l t o f a l l the previous s t e p s ; the f a c t o r
r e p r e s e n t s a new, p h y s i c a l l y impor tan t parame t e r not a r e s u l t of the
prev iou s s t e p s ; and the o u t p u t q u a n t i t y serves as the input q u a n t i t y for
the next s t e p . In every case, the uni t s of the input q u a n t i t i e s andf a c t o r s must combine c o r r e c t l y under the o p e r a t o r to y i e l d the un i t s o fthe ou tpu t quant i ty .

In t h i s c o n c e p t u a l - l e v e l scheme it is not neces sary to be ab l e tomeasure each f a c t o r p h y s i c a l l y , but each must d e s c r i b e a phenomenon ofi n t e r e s t and be, at l ea s t in p r i n c i p l e , e s t i m a t a b l e f r o m p h y s i c a l l y

261



262
Coramercial F l o w Environmental F l o y
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FIGURE D-l. General f l o w o f computat ional l og i c f or e s t imat ing
exposures to f i b e r s .
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measurable q u a n t i t i e s . For e x a m p l e , the "depos i t ion" of f i b e r s on the irway f r o m source to exposed humans may not be d i r e c t l y measurable, but thep r i n c i p l e can be d e m o n s t r a t e d by measuring c onc en t ra t i on s of f i b e r s atvarious d i s tanc e s f r o m known and q u a n t i f i e d sources, and then d e s c r i b i n gthe d e p o s i t i o n as a f u n c t i o n o f d i s t a n c e through a p p r o p r i a t e c o m p u t a t i o n s .

The model sketched in F i g u r e D-l is intended to a p p l y to v i r t u a l l y
any f i b e r t y p e , but not al l o f the s t e p s would a p p l y to every type . For
e x a m p l e , occurrence ( m i l l i o n s of metric tons of f i b r o u s mat er ia l known ors u s p e c t e d ) and weathering ( r e l a t i v e rate of l o s s of such m a t e r i a l ) wouldnot a p p l y to man-made f i b e r s . Moreover, the commercial f l o w s on the l e f ts ide of the scheme would be of dominant importance for some f i b e r s ,whereas the environmental f l o w s on the right s ide would predominate for
others . T h i s commercial versus environmental f l o w d i s t i n c t i o n i si m p o r t a n t , as e x p l a i n e d for F i g u r e 1-2, because of p o t e n t i a l need for
c o n t r o l s o f both t y p e s o f f l o w .

In b r i e f , the f a c t o r s shown in F i g u r e D-l take into account the
f o l l o w i n g phenomena:

Occurrence; G e o l o g i c occurrence in the Uni t ed S t a t e s . In p r i n c i p l e ,t h i s f a c t o r could be measured by the proven and i n d i c a t e d reserves of theminera l , i f c o m m e r c i a l l y i m p o r t a n t , or by a r e l a t i v e abundance f i g u r e forothers. It can be measured in m i l l i o n s of metric tons.
W e a t h e r i n g ; The amount of material in p l a c e that might be r e l ea s edinto the environment (as e i t h er airborne or waterborne p a r t i c u l a t e s ) peryear. The natural wea th er ing p r o c e s s e s may o c c a s i o n a l l y be enhancedthrough noncommercial d i s turbance by humans.
E x p l o i t a t i o n ; T h e amount d e l i b e r a t e l y e x t r a c t e d f o r use. S h o u l dinc lude amount used wi th and without f u r t h e r pro c e s s ing , for e x a m p l e , the

a s b e s t o s content o f road s u r f a c i n g a g g r e g a t e s .
I m p o r t s , e x p o r t s ; The f l o w s o f mat er ia l s to and from f o r e i g ncountries. For e x a m p l e , on the basis o f r e l a t i v e amounts, a s b e s t o s f l o w sf r o m Canada are gr ea t e r than those r e s u l t i n g f rom e x t r a c t i o n in theUnit ed S t a t e s .
Recycled m a t e r i a l s ; F i b e r s s u i t ab l e f o r r e c y c l i n g a f t e r d i s p o s a lf r o m f i r s t use. T h i s prac t i c e does not seem to be very wide spread in thei n d u s t r y because of the low cost of original p r o d u c t i o n .
Percentage u t i l i z a t i o n ; E s s e n t i a l l y synonymous with "use patterns."C o n s i d e r s p e r c en tage of the t o t a l c on sumpt ion in the U n i t e d S t a t e s thatgoes into each use. There may be a chain of uses. For e xampl e , a s b e s t o sf i b e r may go into a s b e s t o s p a p e r , which in turn is used in i n s u l a t i o n fore l e c t r i c a p p l i a n c e s . I n p r i n c i p l e , o p p o r t u n i t i e s f o r release o f a s b e s t o s

occur both in the manufac ture of the paper and in the manufacture of thea p p l i a n c e as we l l as during use of the a p p l i a n c e .
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D i s p o s a l ; D i s p o s a l o f f i b e r p r o d u c t s a f t e r use. V i r t u a l l y everyf i b e r produc t h a s a f i n i t e u s e f u l l i f e . A f t e r w a r d , most o f t h e f i b e r sreach some f o r m of l a n d f i l l , but some enter air, or p o s s i b l y water ,dur ing d e m o l i t i o n . The f i b e r s in l a n d f i l l then pose a s econdary sourceof p o t e n t i a l exposure. F i b e r s l o s t f r o m such s i t e s ( " d i s a p p e a r a n c e " )

decrea s e the inventory ther e , thus d e c r e a s i n g the rate o f a c cumula t i on .
Discharge f a c t o r s : T h e p o t e n t i a l f o r r e l ea s e into environmental a i ror water for each pro c e s s through which the f i b e r s p a s s . The f a c t o r s can

be e x p r e s s e d as a p e r c e n t a g e of t h r o u g h p u t ( i . e . , metric tons r e l ea s ed
per thousand metr i c tons p r o c e s s e d , m u l t i p l i e d by 100) or as a p e r c e n t a g e
rate of t o t a l inventory ( i . e . , metric tons d i s c h a r g e d per year per metric
ton in p l a c e , m u l t i p l i e d by 100). G e n e r a l l y , the re lease is c a l l e d a
"di scharge" when a s s o c i a t e d wi th a m a n u f a c t u r i n g p r o c e s s , but a "release"when a s s o c i a t e d w i th p r o d u c t use, e.g., when f i b e r s are worn of f vinyl
a s b e s t o s t i l e s . .

D i l u t i o n f a c t o r s ; T h e n e t e f f e c t o f a l l proc e s s e s that d i s p e r s e
f i b e r s in air or water away f r o m the source. If f i b e r s are r e l e a s e d
i n s i d e a b u i l d i n g , the d i l u t i o n f a c t o r s are r e l a t e d to the number of airchanges per hour and the volume of air in the e n c l o s e d space . In ambient
air, the f a c t o r s are used to convert the d i s c h a r g e rate to ambientc o n c e n t r a t i o n as a f u n c t i o n of d i s t a n c e f r o m the source, wind d i r e c t i o n ,and other i n f l u e n c e s . In water , they are used to convert the d i s c h a r g e
rate s to the c o n c e n t r a t i o n s in water s u p p l i e s . In tap water, the a c tua lc o n c e n t r a t i o n may be lower than the c a l c u l a t e d c o n c e n t r a t i o n because of
f i l t r a t i o n and s e t t l i n g . In each case, t h e r e s u l t o f a p p l y i n g a d i l u t i o n
f a c t o r i s to c o m p u t e a c o n c e n t r a t i o n in a med ium of e xpo sure ( g e n e r a l l y
air or w a t e r ) at a l o c a t i o n where p e o p l e are e x p o s e d to the s ec o n c e n t r a t i o n s .

C o n v e r s i o n f a c t o r s ; F a c t o r s used to convert measurement s to number
of f i b e r s per unit volume. C o n c e n t r a t i o n i s o f t e n measured in terms of
mass per unit volume. Conver s ion f a c t o r s are used to change th e s emeasurement s to f i b e r s per unit volume to c o n f o r m w i th the usual
measurement s o f dose in do s e-r e spons e r e l a t i o n s h i p s . T h e y are f u n c t i o n s
o f f i b e r t y p e , r e l e a s i n g a c t i v i t y , d i s t a n c e f r o m p o i n t o f r e l ea s e , a n dother c o n s i d e r a t i o n s .

B r e a t h i n g and d r i n k i n g r a t e s ; F a c t o r s used to convert the expo sure
do s e s into the intake do s e s or dose rates. For e x a m p l e , i f a workerbrea the s air at a rate of 8 n»3 per 8-hour d a y , then one can c a l c u l a t e
the in take s o f f i b e r s per d a y , week, year, or working l i f e t i m e f r o m theaverage concentration in the air of the workplace . For nonoccupat ionale xpo sur e s , one must a l s o account for such v a r i a t i o n s in rate s as tho s eoccurring between working and o ther a c t i v i t i e s ( i n c l u d i n g s l e e p ) , betweeni n g e s t i o n of water or (in p r i n c i p l e ) f o o d , be tween h igh and low e xpo sur eareas, and between a d u l t s and c h i l d r e n .
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B i o d i s p o s i t i o n f a c t o r s : F a c t o r s used to convert intake rates to doserates for p a r t i c u l a r t i s sue s . For e x a m p l e , i f one e s t i m a t e s that 30X ofthe inhal ed dose i s s u b s e q u e n t l y swallowed ( N a t i o n a l Research C o u n c i l ,1983), then one can c a l c u l a t e t h e do s e e n t e r i n g th e g a s t r o i n t e s t i n a l (GI)tract ( f i b e r s / u n i t t i m e ) f r o m t h e inha la t i on rate ( f i b e r s / u n i t t i m e ) .
D i s a p p e a r a n c e ; Removal o f f i b e r s f r o m t i s sue s . F i b e r s may d i s a p p e a rf r o m t i s s u e s through e x c r e t i on or through various d e g r a d a t i o n proce s s e s .F o r e x a m p l e , f i b r o u s g l a s s a p p e a r s t o g e l ( K l i n g h o l z a n d S t e i n k o p f ,1 9 8 1 ) , whereas c h r y s o t i l e s e p a r a t e s into f i n e r f i b e r s a n d f i b r i l s

( j a u r a n d e£ £!,•, 1977) and shorter f i b e r s may be removed f r o m t i s s u e s by
macrcphages. Thes e proces se s limit the b u i l d u p of f i b e r s in t i s sue.
F o r m a t i o n of f e r r u g i n o u s bodie s a l s o may "remove" the f i b e r s making theml e s s b i o l o g i c a l l y active. The dose rate and d i s a p p e a r a n c e rate t o g e t h e r
determine the b u i l d u p o f t i s s u e burden o f f i b e r s .

S U M M A R Y
A l t h o u g h the above l i s t does not contain all the f a c t o r s that d e f i n eexposure at the t i s sue l e v e l , and a l t h o u g h the concep tual model cap tur e s

nei ther all their r e l a t i o n s h i p s nor the d i f f i c u l t y in measuring some ofthem, the model does give an idea of the c o m p l e x i t y of the exposure of anind iv idua l t o a s b e s t i f o r m f i b e r s . A f u r t h e r d i f f i c u l t y f o r riskasses sment i s to e s t i m a t e the number of p e o p l e f a l l i n g into each c a t e g o r yof e xpo sure so that the d i s t r i b u t i o n of e x p o s u r e s over the ent ire U . S .
p o p u l a t i o n can be d e s c r i b e d .
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T A B L F . C-l. S t u d i e * o f Cincer M o r t a l i t y Among A i b e a t o e - C x p o i e d O c c u p a t i o n a l Cohort*

S t u d y P o p u l a t i o n andDeata.n C h a r a c t e r U t l c * Bxpe*ure C h e r a c t e r i a t t c a Re*ult* S u i M r y o f Conclusion*«nd S p e c i a l Coajeent* H e f e r e n t e *

Location: Cin«l«
11,379 worker* (10,9)*•en tnd 440 w o j w n ) bornbetween 1891 and 1920who had worked for «tteaat 1 Month in theA e b e e t o t *nd T h e t f o r d ,
Quebec, nine* end H i l t * .
A n i t y e i t bated on death*,20 or e»re yeara a f t e rf i r a t employment ,occurring fro* 1951 to1975.
U*ed internal compari songroupa for evokinganaty* ia>
E x p e c t e d number* ofdeath* were computedfro* Province of Quebecd e a t h rate**
F o l l o w - u p to end of 1975with 90 .IX traced
Cohort I n c l u d e * 5,102•ale employee* fro™
Atbeato* and J , 6 ) 7 ••!«•fro* T h e t f o r d H i n e * .F e m a l e e employe ed•ainly at A*be*to*(408, 9 2 . U ) .

C h r y e o t i l e mining at A*be*totand I h e t f o r d Nine* in Quebec.
Q u a n t i t a t i v e expo iure d a t aexpte*«ed a* m p p c f - y * a r * b

and e s t imated a* cumula t iv eduet expoture d u r i n g thef i r t t 20 yeara fro* on*eto f e m p l o y m e n t .
Sacking h iator iea obtainedby que s t i onna ir e in 1970 for99.61 of thoie a l i v e in thecohort. Questionnaire* werereturned by 9)1 of ther e l a t i v e * of a u b j e c t * who hadd i e d a f t e r 1950.
H i n e * and mi lie at T h e t f o r d
Mine* b e l i eved to be d u a t i e rthan tho*e in A * b e * t o » ,
Quebec.
T h e t f o r d nine* cohort h*dl onger d u r a t i o n o f e m p l o y -ment and h igher e s t imat eddu*t expoaure*.

R e a u t t * for m*le d e e t h a (ro» 1951to 1975, in or more year* f r o mt i n t expo*ure.
Cauie o f D e a t hA l l cause*Lung cancerG a * t r o i n t e * t i n * lcancer
H e a o t h e l i o m a

Ob*
T 2 9 T230

276in

M92184
272.4— d '

W1.3
1.0,-

T h e r e wi« *l*o one f e n a l e d e a t hfro" i M * o t h e l i o n * .
T o t a l of 4 ,46) death* in nen and84 in women by end of 1975.
G r a d i e n t o f ri*k f or lung cancer
by l e n g t h o f *rrvice no t ed; SHR'
t.O for <l year to 1.6 for >20 year*.
G r a d i e n t of riek for lung cancer byexpoaure level *l*o n o t e d ; SHR 0.9for <)0 « p p c f - y e a r * to 2.) tor>300 m p p c f - y e e r * .
Overa l l r e l a t i v e l y ina l l increasein r l a k for l u n g cancer or otherceu*e* o f d e a t h e x c e p t f or pneuno-conioii* (2)0 death* ob*., S H R I . )
for lung cancer; 42 death* ob*.,S H R 13.6 f o r p n e u n o c o n i o a i a ) .
Cxce** g * * t r o i n t e * t ! n a l cancernoted for nalea <*o*t h e a v i l y e x p o a e d ,p r i n c i p a l l y a t T h e t f o r d Mine*.

large Cohort for a t u d y and McDonald ejt at.e x c e l l e n t d a t a an*ly*ia. 1979, 1980
G r a d i e n t o f lung cancer riakobserved w i th q u a n t i t a t i v eexpoaure l eve l .
Nonlnoker* h*d g r e a t e r In-creaae in rl*k for lung cancer
( r e l a t i v e ri*k, 10.0), coaiparedto *iw>ker* ( r e l a t i v e r iak, 2.0)when the h i g h e a t and towe t t•*be*to* expoaure group* werecompared. No evidence form u l t i p l i c a t i v e e f f e c t o f aabeatoaand amoking.
S t u d y r e a u l t a auggect an overall
•mall increace in lung cancera a a o e i a t e d w i t h a*be*to* e«po*ure.C o n * i * t e n t do*e-r**pon*e g r a d i e n t ;SHR 0.9 ( l o w expoaure) to 2.) forh ighe s t exposure category obterved.

N )O*OO

•See C h a p t e r 5 r e f e r enc e l i e t .b m p p c f " m i l l i o n p a r t i c l e * p e r cubic f o o t .C O / E * obterved d e a t h a / e x p e c t e d death*.A— Meao th e l i om* i* t i a i i a l t y *o in f r equen t that• S M R • a t a n d a r d i t e d m o r t a l i t y r a t i o ( 0 / E ) . ' e x p e c t e d " value* are not u*ed.



T a b l e E - l ( c e n t . ) .
Cohort S t u d y P o p u l a t i o n andN u m b e r O e a i g n C h a r a c t e r i a t i c a t K p o a u r e C h a r a c t e r i a t i c *

L o c a t i o n : Canada C h r y a o t i l e m i n i n g a n d
m i l l i n g worker*.544 mine and m i l l ma l e

e m p l o y e e a e m p l o y e d d u r i n g Duat meaaurementa a f t e r1961 for at l e a a t 20 yeara 1969 r e v i e w e d , hut noi n o n e o f f o u r c o m p a n t e a q u a n t i t a t i v e e x p o a u r e d a t i
m i n i n g a n d m i l l i n g chryao- uied i n a n a l y a i a .
t i l e aab ea t oa i n T h e t f n r dM i n e a » Quebec. N o t m o k i n g i n f o r m a t i o n
F o l l o w - u p t o Auguat 1977.T r a c e c o m p l e t e .
Expec t ed nuaibera of d ea thawere c o m p u t e d f r o mC a n a d i a n n a t i o n a l d e a t hratea.
Cohort r e p r e a e n t a a tub-g r o u p o f cohort a t u d i e d
by M c D o n a l d e£ £U ( 1 9 1 0 ) .

R e t u l t a
C*tme o f D e a t h
A l l c a i M e a
A l l cancer
L u n g cancer
C a a t r o i n t r a -

t i n a l c incer
n>nnthM inma

• i t e a

Oba.
17"
49
28
10

1
10

Bxp.
M 9 . 9

J f t . 7
I I . 1

9 . S
--

16.1

p / E
I . I
I . I
2 . S
I . I
—
0.6

Summary o f C o n c l u s i o n !a n d S p e c i a l Cmiainta______ D e f e r e n c e

Onuerved d e a t h a baaed on best
a v a i l a b l e e v id enc e . C a n a d i a n
n a t i o n a l ratea l ined f o r c ompar i s on

E v a l u a t i o n o f heat d i a g - N i c h o l a o nn o a t i c ev id enc e va. d e a t h e t a t . , 1979
c e r t i f i c a t e t t a t e m e n t
i n d i c a t e d t h a t p r i n c i p a l
d i f f e r e n c e occurred f o ra i b e a t o a i a where 1 0 / 2 4 were
• t a i g n e d t o o t h e r cauaea
o f d e a t h . I n a d d i t i o n . 7 / 2 }
d e a t h a d u e t o l u n g cancer
were a a a i g n e d on d e a t h
c e r t i f i c a t e t o o t h e r cauaea.
H e n o t h e l ioma uncotwon i n t h i acohort of minera and m i l t e r a .
I n c r e a s e d r iak o f l u n g cancer
in t h e a e a n a l y a e a a u g g e a t a
t h a t minera and mi H e r ae x p e r i e n c e about the aameexceaa r i a k aa f a c t o r y workeraand t h a t thea* exceaaea are l e a a
than thoae r epor t ed f o r i n a u l a t o r a
a t u d i e d b y S e l i k o f f e t e U ( 1 9 7 9 ) .
S t u d y r e a u l t a i n d i c a t e a a m a l lincreaae in l u n g cancer r i a koccura aa aabeatoa expoaurei n c r e a a e a , b u t l a c k o f q u a n t i t a t i v ee xpoaur e d a t a makea i t d i f f i c u l tt o e v a l u a t e t h i n a a a o c i a t i o n .

K>



T a b l e E-t ( c o n t . )
Cohort S t u d y P o p u l a t i o n a n d
N u m b e r P e a i g n C h a r a c t e r i a t t c a
3 L o c a t i o n : I t a l y

952 m a l e a v i t h at lea.t10 d a y a e m p l o y m e n t at anyt i m e between J a n u a r y I ,19)0. a n d December I I ,1965.
Caae-control ana tye iaof l u n g and l a r y n g e a l
cancer caiet w i t h i ncohort .
I t a l i a n n a t i o n a l d e a t hratea were uaed toc o m p u t e e x p e c t e d number*.
Uorkera employed between19)0 and 194} who didnot eurvive and for whomv i t a l a t a t u a could notbe a a c e r t a i n e d were« act t i d e d .
F o l l o w - u p f ro- 1946 to
1 9 7 ) ; 98* traced .

Expeaur e C h a r a c t e r i a t i c a R e a u l t a S u m m a r y o f C o n c l u a i o n a
and S p e c i a l Comment a R e f e r e n c e

C h r y a o t l l e aab ea toa minera . Came o f D e a t h
Q u a n t i t a t i v e e xpoaure d a t abaaed on i n d i v i d u a l workh ia t or i ea and f i b e r count taince 1969, which were uaedto create a duat ind«x in
f i b e r - y e a r * f o r each a t u d y
a u h j e c t .

A l l cmnet
A l l cancer
Lung canr»r
C n » t r o i n t e a t i n a lcancerH e f l o t h e l l n m aO t h e r cancer a i t e aL a r y n x

O b a E x p 0 / E G r a d i e n t o f r i a k f o r l u n g
cancer w i t h t ime aince onaet

))2 214.4 1.6 o f e x p o a u r e (SHR 0.6 for <2047.0 I . I yeara v a . I . I f o r > 2 O y e a r a )
10.4 I . I a n d c a l e n d a r t ime ( S N R 0 . 6

f or 1961-1965 va . 2 .1 f or1 9 . ) 1.0 1 9 7 1 - 1 9 7 5 ) .
15.4 0 . 9 S i g n i f i c a n t l y h i g h e r r i a k1 . 9 J . 2 * * no t ed o n l y f o r l a r y n g e a l

cancer.

50
I t
19
( I ) *14

6
• a i i t p e c t e d caae o f p l e u r a lnwaothe t ioma*
*p-. .05.

lncr ea*ed r e l a t i v e r i a k a f o r l u n g
cancer ( 2 . 9 ) and l a r y n g e a l cancerO . I ) when c» i e-contro l g r o u p a
wrr* compared by e x p o a u r e l e v e l .

R a l a n g e r o area o f I t a l y h a a
one of the h i g h e a t i n c i d e n c e sof t a r y n g e a l cancer in thew o r l d . I h u f , u a e o f n a t i o n a l
M o r t a l i t y ra t ea »»y have
reau l t ed in an over ea t ina t i ono f r i a k f o r l a r y n g e a l cancera a a o c i a t e d w i t h a a b e a t o aexpoaure in t h i a cohort.Two h o a p i t a l - b a a e d caae-c o n t r o l a t u d i e a ( S t a l l a n d
H a c G i l l . 1 9 7 ) ; S h e t t i g a r aand M o r g a n , 1 9 7 ) ) ahowed ap o a i t i v e a a a o c i a t i o n o fl a r y n g e a l cancer and aabeatoaexpoaure .

Rubino at
I 9 7 9 a

K )-*lO



Tub I* E-l ( c e n t . )
Cohort S t u d y P o p u l a t i o n « n dNumber Deai in C n a r a e t e r i a t l e a
I t L o c a t i o n : F i n l a n d

E x p o a u r e C h a r a c t e r l a t i e a _ _ _ _ _
A n t h o p h y l l l t e a a b e a t o a m i n i n g .

R e a u l t a

Alt worker* e m p l o y e d >_1 No d u a t meaaurement e ormontbe fro* J a n u a r y I."" q u a n t i t a t i v e e x p o e u r e d a t a .
I 9 ) « t o J u l y I . 1967 ( ntvo aabe e t o t quarrie e .
1,091 pereone in thec o h o r t ; 1,045 t r a c e d .
Cohort c ona ia t ed o f
nalea and f e a i a l e a ;
a p e e i f i c number• byaex not p r o v i d e d .
F o l l o w - u p 9 A I c o m p l e t e
by mid-1977 .
Of the 1,04} e m p l o y e e a
w i t h f o l l o w - u p infor-a-t i o n , 248 d i e d betweenJ a n u a r y I , 1911 a n dJ u l y I . 1967. T h e
r e m a i n i n g 761 werei n t e r v i e w e d f o r •woking
h i a t o r i e * .
Cohort drat compared
to an age and eex-matchedc o n t r o l group f r o m t h e
a u r r o u n d i n g area ( M e u r m a n£_.___•• 1974). A aecondc o m p a r i s o n ( H e u r m a net «a., 1979) wa« made
ua ing p r o p o r t i o n a lM o r t a l i t y d a t a f o rF i n l a n d ( 1 9 5 8 d a t a f o rd e a t h a f r o- 1916 to 1967and 1972 d a t a for d e a t h afro* 196* to 1 9 7 7 ) .

748 d e a t h a r e p o r t e d in 1974 r e p o r t :
Cauae of D e a t h Ob».L u n g cancer 71
C a a t r o i n t e a t i n a l

cancer 7
N o m e e o t h e l i o m a a observed

O / ET77
8.0 0.9

384 d e a t h a r e p o r t e d in 1979 r e p o r t :

S u x n a r y o f C o n c l u a i o n a
and S p e c i a l Comment a_______
Lung cancer d a t a a u g g e a t ad o a e - r e a p o n a e r e l a t i o n a h i p .
C i g a r e t t e l i n k i n g d a t a
c o n a i a t e n t w i t h an increaaedr i n k f o r l u n g cancer i n
c o m b i n a t i o n w i t h a a b e a t o ae x p o s u r e .

R e f e r e n c e
Meuraan et a l . ,1974, 1979

C r o u pCauae o f D e a t h Oba. E X P . O / E
Lung cancer 4 4 2 2 . ' > 7.11C a a t r o i n t e a t i n a l

cancer 18 Not rtti-
m a t f dOft. f o r l u n g cancer in l ow e x p o s u r e

g r o u p w a a 1.4; f o r h e / i v i l y e x p o a e d
e m p l o y e e a , it waa 1.1. No me-o-t h e l i o m a a r e p o r t e d . A l l l u n g cancer
caaet occurred among male*.

N n n f l m o k i n g ,a a b e n t o e -
e x p o t e d

S m o k i n g , nnt
a < t h e a t o a -
e x p o a e d

S m o k i n g ,
a a b e a t o a -e x p o n e d

R e l a t i v e »i»k

1.4

12.0

17.0
f o••J



T a b l e B-l ( c o o t . )
CohortNumber

S t u d y P o p u l a t i o n a n dDeaitn C h a r e c t e r t a t i c * E x p o t u r e C h a r a c t e r ! * ! i c a S u m m a r y o f C o n c l u a i o n *

L o c a t i o n : W e e t e r nA u a t r a l i a
4,200 •*!•• everb y A u s t r a l i a n S l u eAabcato* Company between19*1 end 1966 i d e n t i f i e dfro* p a y r o l l end otherrecord*. N i n e elo*edin 1*66.
Expected deeth* Herecomputed f r o x t A u s t r a l i a nn a t i o n a l d ea th rate*.
F o l l o w - u p wae (OXc o m p l e t e in 1978.

C r o c i d o l i t e m i n i n g andm i l l i n g .
No duet aieaaurement* orq u a n t i t a t i v e e xpo sur edata.
No .smoking i n f o r m a t i o n .
T h r e e e i t i w e t e d e xpo eur eeete|orie* ueed in a n a t y t i e :

H e a v y o c cupa t i on* inthe "in* and nil IH e d i u o / l i g h t o c cupat ion*;e m p l o y e e * w i t h o theroccupat ion*
Occupat ion u n s p e c i f i e d

R e a u l t a
Cauie o f D e a t h
A l l cauae*L u n g cancer
H r a o t h e l i o m a
Other cancer cite*

Ob*.
t t f t«0

26M

E x p . 0 / E
587.2 0.9

10.2 1.6
71.6 0.7

and S p e c i a l Comment*
Lack o f g a a t r o i n t e c t i n a lcancer exce** i* con*i*tent
wi th f i n d i n g * in g**-***kexpo*ur« cohort* who proee iaed
the C r o c i d o l i t e mined inA u s t r a l i a .

R e f e r e n c e
Hobb* at a l . .

1980

T h e r e were 26 ca*e* of * e t o t h e l i < m a .
Rate* of i*e*oth*lio*ia increased w i t hd u r a t i o n a n d i n t e n s i t y o f e ipoaure .I n t e r v a l fro* f i r a t e i poaure t od i a g n o a i a of •eaothe l iona rangedf r o m 13.1 to 10.7 year*.
No enceaie* of g a a t r o i n t e a t i n a lcancer were obaerved in t h i *cohort . D a t a not r e p o r t e d .
T h e l u n g cancer S H R f o r heavye x p o a u r e job* wa* 2.1; SHR f or
• e d t w a / l l g h t expoaure wa* 1.1.
O v e r a l l inc idence o f pneunoconioai*
waa 3.51.

Cancer ri*k c o n s i d e r a b l y lowerin tuhgroup with lea* than )•onth* of e i a p l o y i w n t .
F o l l o w - u p per iod f o r m a j o r i t y
of e i t p l o y e e a i* a t i l l too abortt o p r e d i c t t h e f u t u r e i n c i d e n c eof me i o th e l i oma in thi* cohort

ro•vjrO



T a b l e E-l ( c o n * . )
S t u d y P o p u l a t i o n a n d
De«ign C h a r a c t e r U t t e *
L o c a t i o n : U n i t e d S t a t e *
1,261 wh i t e u l e e *m-p l a y e d I or more annth*between J a n u a r y I , 19*0and December 11, 1965.
Expe c t ed number* bated
on (1.84 w h i t e valedea th rate even thoughm o r t a l i t y ratea incounty where p l e n t I tl o c a t e d were 7tt h i g h e rthan 0.8. ratea forw h i t e male* (age-
a d j u a t e d lung cancer• o r t a l l t y rate per100,000 whi t e na t e e ,66.5 v*. 37.9).
P o l l o w - u p throughDecember I I . 1 9 7 } f o r9 7 . I X o f cohort.
M i n i m u m f o l l o w - u p f o rall a u b j e c t * wa* 10yeara.

Expo*ur* C h « r « c t e r i * t i c »
G h r y e o t i l e **he*to* t e x t i l ef a c t o r y worker*.
Q u a n t i t a t i v e exposure d* taba*ed on f i b e r count* by job
and c a l e n d a r t ime.
F i b e r count* ( m p p c f ) con-verted t o f i l t e r count*
( f i b e r * longer than) u r n / c m ' ) , w i t h
J f i b e r * / c m ) equ iva l en tt o I m p p e f f o r a l l t e x t i l eoperation* e x c e p t p r e p a r a t i o n ,which u*ed I f i b e r i / c * ) .

R e a u t t a
Cau*e o f D e e t h
A l l c*ute*A l l cancer
L u n g oncerC * * t r o i n t e * t i n a l

cancer

Obi.
inn5915

11

tnf.
705.7

15.1I I . 1
9.<»

0/E
1.51.7
3.2
1.3

Siinnwry o f Conc lu s i on*and S p e c i a l Comment*_______ R e f e r e n c e

Of inn i l e e t h * , o n l y one due toM i o t h e l i o a w ( p e r i t o n e a l ) .
Increaced ri*k of noniu l ignantr e e p i r a t o r y di*e**e (78 ob*. v*.9.) *«p.).
Sone ••oklng h i * t o r l e * were a v a i l c b l e
t o e * t i M * t e ••to t t ing p i t tern* o f
c o h o r t ; 57.4t (maker• end 22,U«i-*noker*.

S t r o n g g r a d i e n t of r i*k Oevent *£ a_l. ,observed wi th q u a n t i t a t i v e 1982, I 9 8 5 b
expo*ure l e v e l f o r l u n g cancerand nonn*lign*nt r e c p i r a t o r ydi*e**e.
S M U f o r l u n g cancer incr ea s edw i t h l a t e n c y to 7.3 (1$ ob*.
v*. 2.1 e«p.) for 170 yeara•ince i n i t i a l e a p l o y n e n t .
S t a t i i t i c e l l y * i g n i f i c * n texce** of l u n g c*ncer even inc u m u l a t i v e expo sure ca t egoryof !<••• than 10,000
( r i b e r * / c n } ) d * y * .
On the b**i* of f i n d i n g * int h i * * t u d y , e l e v a t e d ri*k> *rep r e d i c t e d f o r l u n g cancer andn o m a l i g n a n t r e * p i r * t o r y di****eat an exposure l e v e l c o n s i d e r a b l y
lower t h a n tho i e in o th er e t u d i e *and at the exposure l ev e l of thecurrent O S H A * t * n d a r d ( 2 . 0 f i b e r * /

S t u d y *how« a i t r o n g incrcaeein l u n g cancer r l * k a**oc i* t edw i t h increaaed aabeato* e x p o s u r e ,bu t th e ( I g n l f i c a n t increaae inr i i k even in the lower e x p o i u r eca t egor i e* a u g g e a t a t h a t t h ee x p o i u r e a «*y be u n d e r e s t i m a t e d .
In a d d i t i o n , the 0/E ratio* aay
b« too h i g h becauve an I n a p p r o -p r i a t e eo*pari*on group wa* u*ed.
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T a b l e E-l ( c o n t . )
Cohort S t u d y P o p u l a t i o n andNumber Des ign C h a r a c t e r i e t i c *
7 L o c a t i o n : Uni t ed S t a t e e

91) workera ever e m p l o y e d
between 1941 and 1 9 4 J ;
•20 w i t h J yeare or•ore aince onaet ofemployment.
A d d i t i o n a l a n e l y a l eU n i t e d t o 58J a t l l la l i v e 20 yeare a f t e r
e m p l o y m e n t began( S e l i k o f f c t al., 1980).The 351 exc luded weree i t h e r dead (270). loatto f o l l o w - u p ( 4 1 ) , orhad worked e l a e w h t r e
w i t h aabeatoa O9).
W h e n p o a e i b l e , s u p p l e -
mentary i n f o r m a t i o n oncauae of d e a t h waao b t a i n e d .
E x p e c t e d ntmbera baaedon d e a t h ratea in the
S t a t e of Hew J e r a e y andon d e a t h ratea in theA m e r i c a n Cancer S o c i e t y ' •( A C S ) p r o s p e c t i v e a tudyof aenkera. The l a t t e ra t u d y p r o v i d e d ratea bysmoking atatua.

Expoaure C h a r a c t e r i s t i c s
A m o s i t e aabeatoa f a c t o r y ino p e r a t i o n f r o m 1941 to 19)4.
Ho duet meaeurenent orq u a n t i t a t i v e e x p o s u r e d a t a .
S t r o k i n g h i a t o r l e e wereob ta ined in 1961 when•urveil lance of thep o p u l a t i o n began. Examina-t i n n a were p e r f o r m e d on t h i a
g r o u p a f t e r that d a t e .

R e a u l t a
R e s u l t * for 5 yearn or lonner l i n c ei n i t i a l e m p l o y m e n t ( S e i d n a n e t a l . .
1 9 7 9 ) :
Caus e of D e a t h Oba Exp Oil
All cmisea 528 407.4 1 .)
A l l cancer 1 6 4 81.8 2 . 0Lima, cancer 83 22. fl 3.6Cee t ro in-

t e n t i n a l cancer 28 22.7 1.2He so the I ions 14
R e s u l t s for 20 yeara or l o n g e r
•ince i n i t i a l e m p l o y m e n t ( S e l i k o f fe£ a_l. , 1980):
Cauae of Death Oba Exp 0/E
A l l c a u t e a 3 0 4 158.6 1 . 9
Alt cancer 103 33.4 3.1Lung cancer 52 In, I 5.1
G a s t r o i n -

t e s t i n a l cancer 15 7.2 2.1M e a o t h e l i o m a 14
L a r y n x cancer 3 1.6 1.9
K i d n e y cancer 2 0.8 2.5

T h e S H R f o r a l l ceunea o f M o r t a l i t yincreaaed 120X when a d j u a t e d f or
anokind on the h a a i a of ACS ratea.

S u m j i i r y o f C o n c l u a l o n aand S p e c i a l Comment • R e f e r e n c e
Cohort repreaenta a aonewhat S e i d n a n et al . ,unique a t u d y group hav ing had 1979very ahort in t enae work ex- S e t i k o f f e t aK.poaurea, f o l l o w e d by a long 1972, 198*0per i od o f obaervat ion.
Long f o l l o w - u p and e x e tua ionof peraona obaerved l e a a than20 yeara w i l l tend to y i e l dh igher riak e e t i x t t t e e thanwould o t h e r a t u d y c o n d i t i o n s .
A p p r o x i m a t e l y 5t of or iginalcohort l oa t to f o l l o w - u p .
A c l e a r m u l t i p l i c a t i v e e f f e c tof a x t o k i n g and aabeatoa waaobaerved.
N o e xpoaure i n f o r m a t i o n
a v a i l a b l e .
S t u d y r e a u l t a auggea t a very
l a r g e increaae In lung cancerr i a k aaaoe ia t ed w i t h aabea toae x p o a u r e , but e xpoauree a t i n a t e a are que s t ionable .

F o l l o w - u p o f t h e a t u d ycohort waa IOOX through1977.

E x c e a a d e a t h a f r o m n o n m a l i g n a n tr e s p i r a t o r y d i s e a s e a l a o occurred
in these workera ( 2 9 / 4 . 7 ) .
S e v e n p l e u r a l and aeven p e r i t o n e a lmeso th e l i omaa were observed.

ro



T a b l e E - l ( c e n t . )
Cohort S t u d y P o p u l a t i o n a n dnumber Deaign C h i n c t e r U t i e *
8 L o c a t i o n : U n i t e d K i n g d o m

4.600 Mica wi th at71 l e a a t 30 d a j r a a m p l o y -mtnt between A p r i l I .193) and Hay 31, 196*.
9 2 2 f e m a l e * f i r a t
e m p l o y e d between
J a n u a r y I . 1936 a n dDecember I . 1942.
E x p e c t e d number* baaedon n a t i o n a l d e a t h rateain U n i t e d K i n g d o m andV a l e e .
F o l l o w - u p throughDecember 31, 197}( H e w h o u a e and Berry,
1 9 7 9 )
N n l e f o l l o w - u p w a a 93t.F e m a l e f o l l o w - u p wa* 771.
1,368 male i n a u l a t i o nworkera ana ly s ed• e p i r a t e l y .

Expoaure O i a r a c t e r i a t i c a
Eaat London a a b e i t o a f a c t o r yopened in 1913 «nd c l o n e d
in 1968.
Produced a n b e a t o a t e x t i l e a
a n d i n a u l a t i o n M a t e r i a l * .
Croc i d o l i t e aabeato* uiedu n t i l t h e l a t e I 9 5 0 i ;c h r y i o t i l e and a m o a i t eal*o uaed.
No du*t measurement* orq u a n t i t a t i v e e xpo sur e d a t a .
S m o k i n g h i a t o r i e * o b t a i n e don worker* a l i v e in 1971.

Re*utt*
M » t « d e a t h a :

Cau*e of Death*:
A l l c*u*e*
L u n g c*ncerG * 9 t r o i n t e * t in*lcancerM e * o t h e l i o m i
O t h e r ccncer• i te*
H a l e C o h o r t : S N R

Ob*
545
10)
4046
38

of 5.4

B l i p
4)8.0

43.2
)4.n—
2 7 . ' ,

f o r l u n g

0£E
1.2
2.4
1.2--
1.4

cincer in l e v e r e l y e x p o * e d worker*w i t h >2 ye*r* e m p l o y m e n t ( 5 4 / 1 0 . 4 )*nd 2.4 for t h o i e low to m o d e r a t e l ye x p o s e d ( 3 1 / 1 2 . 8 ) . R i * k increaaed
w i t h d u r a t i o n o f f o l l o w - u p a n da e v e r i t y o f e xpoaure ( 1 9 7 9 ) .19 p l e u r a l and 27 p e r i t o n e a l•eiothel iom** observed.

F e m a l e d e a t h * :
Came of D e a t h Ob*
A l l cause* i n n
Lung cancor 27C a * t r o i n t e * t i n * l

cancrr 20
M e i o t h e l i o n i a 21 10.2 2.0

F e m a l e C o h o r t : S H R f o r l u n g cancer,6.0 ( 3 / 0 . 5 ) in low to m o d e r a t e l y
e x p o t e d g r o u p ; 7 . 9 ( 1 5 / 1 . 9 ) a n d
2 6 . ) ( 2 1 / 0 . 8 ) i n t h e * e v e r e l y
e x p o t e d group* w i t h <2 yeara and*2 yeara o f e m p l o y m e n t , r e a p e c t i v e l y .
A n a p p a r e n t exceaa o f brea*t ( 6 / 2 . 1 )
and ovarian ( 3 / 0 . 7 ) cancer waaobierved in the i cvere ly expoied
g r o u p . T h i r t e e n p l e u r a l « n daeven p e r i t o n e a l m e a o t h e l i o m a aobserved (one o f unknown o r i g i n ) .

S u w M r y o f C o n c l u s i o n *
and S p e c i a l Commenta________
In f e m a l e c o h o r t , 231 waa l o a tt o f o l l o w - u p , bu t remit*
were con*iat<nt w i t h tho*ein m a l e a .
Duet l e v e t a in low to
m o d e r a t e l y expoied group
were e i t i n a t e d to be 5-10
f i b c r i / c m ' ; i n t h e * ever e lye x p o i e d g r o u p , 20 f i b e r * / c - }

or gr ea t e r . A f t e r 1946,p l a n t - w i d e l e v e l * wereg e n e r a l l y lower b u t p r o b a b l yin exceaa of 2 f i b e r a / c m } .

A aurvey of amoking h a b i t •in 1971 i n d i c a t e d t h a t 74Sof m a l e a and 73Z o f f e m a l e *•moked. C * t i m * t e * f r o mp o p u l a t i o n *urvey* wouldhave p r e d i c t e d 661 and 5 3 t ,r e a p e c t i v e l y .
T h e r e were no ( m o k i n g d a t aon workera in the m o r t a l i t y
a n a l y a i * . T h e author*b e l i e v e d t h a t amoking d i dnot account for more t h a nlot to 20t of the exce**l u n g cancer.
A p p r o x i m a t e l y I O X o f a l t
d ea th* among m a l e a andf e m a l e a were due to meao-t h e l i o m a .

Reference
Hewhou*e andBerry, 1979
Newhou** *t a l . ,1972
Newhouae , 1969
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T a b l e E - t ( c e n t . )
CohortHu.ber S t u d y P o p u l a t i o n a n dDeaiin C h a r a c t e r i i t t c i Expoaure C h a r a c t e r l a t t c a
9, 2? L o c a t i o n : U n i t e d K i n g d o m

All e m p l o y e e ! ever em-p l o y e d in • f a c t o r yt ha t produced f r i c t i o n
m a t e r i a t a .
I ) , 4 6 0 worker* (mate•nd f e m a l e ) e m p l o y e d
in 1941 or any t imel i t e r .
Cur-con tro l a n a l y a i awi th in cohort (or ne fo-t h e l i o M caaea and forl u n g and g a a t r o i n t e i t i n a l
caeea.
E x p e c t e d numberi werebated on n a t i o n a l rateaf o r ina l e t a n d f e m a t e ain the U n i t e d K i n R d o m .
F o l l o w - u p waa 991
t h r o u g h 1979.

C h r y a o t i t e w i t h ahort p er i od*
of c r o c i d o l i t e use.
F a c t o r y f o u n d e d in 1898.
Q u a n t i t a t i v e ei ipoaure d a t abaaed on dui i t meaaurement*and work h ia tor i ea . Expoaureea i n u l a t e d f o r e a r l i e r
perioda.

R e i u l t a
M o r t a l i t y I D y«ar> a f t e r t i n te x p o a u r e tor men (H • 7 . 4 7 4 ) ;
Cauae of Death Obi.
All cauie* 1.119 1,162
L u n g cancer 141 119Gait rointeat inal

cancer 101 107N e a o t h e l i o m a 8
O t h e r cancer 77 88Other cauie* 1,008 1,027
For women (N • 1.708):
Cauae of Death Obi

0.9
1.0
1.0
0."»t.O

A l l cauie*Lung cancerG a i t r o i n t e a t i n a l
cancer

H e i n t h e l i o m aOther cancer
O t h e r caune l

799
6

29
2

M
211

128
I I . 1
27—
60

229

0.9O.i
1.1--
0.9
0.9

One of the men c e r t i f i e d •• p l e u r a l
•eio lh e l i o i ia (age )0) had worked
at f a c t o r y for 2 weeka (ft *ge 2 Q )
in I 9 6 0 .

S u m m a r y o f C o n c l u a i o n aand S p e c i a l Co»a»nta H e f e r e n e e
N o g r a d i e n t o f r l i k observedw i t h q u a n t i t a t i v e e x p o i u r el e v e l .
N o e v i d e n c e o f exceii a n r t a l i t ydue to cancer of any a i t e , ex-c e p t • e i n t h e l i o w i . even whenexaxintd by dura t i on of expo-
aure, d u r a t i o n of e n p l o y x e n t , orperiod o f i n i t i a l mp loyoen t .
N i n e of IO M a o t h e l i o M caaenwere e u p t o y e d d u r i n g one orboth per ioda when c r o c i d o l i t e
wai uied.
Of th e n e a o t h e l i o t i a caae t ,80t worked w i t h c r o c i d o l t t ecompared to 8% of e o n t r o l a .
No increaaed r iak o f l u n gcancer or g a i t r o i n t e a t i n a lcancer a a i o c i a t e d w i t he i t h e r d u r a t i o n or cumula-t i v e expoaure in caae-controla n a l y a i e .

Newhouae et a l . ,1982
Berry andN e w h o u a e , 1981
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T a b l e E - 1 ( c e n t . )
S t u d y P o p u l a t i o n a n dD e a i g n C h a r a c t e r i s t i c * E t p o a u r e C h a r a c t e r i a t i c a R e s u l t *

10 L o c a t i o n : U n i t e d K i n g d o m
I I ) male* e m p l o y e d I n a na sb e s t o s t e x t i l e f a c t o r yin northern E n g l a n d ,
E m p l o y e d p r i o r t o 19))for 20 year*.
F o l l o w - u p f r o m 1922.
M a l e p o p u l a t i o n o fE n g l a n d and W a l e a usedfor comparison group.
Pol low-up waa 1001through 19)).

V o r k e r a proc e s s ed raw a s b e s t o s
f i b e r s i n t o f i n i s h e d t e x t i l ep r o d u c t . D u t i e s i n v o l v e d
f i b e r i t i n g , c a r d i n g , s p i n n i n g ,w e a v i n g , a n d p l a i t i n g .
P r e d o m i n a n t l y c h r y s o l i t e ,p o s s i b l y sna i l amount s o fc r o c i d o l i t e .
" S c h e d u l e d area*" where pro-ccsse* conduc t ed were c l a s s -i f i e d a* d u s t y in the A*be*to*
I n d u s t r y R e g u l a t i o n * o f 1 9 ) 1 .
E x p o a u r e b e f o r e 1 9 ) ) con-
a i d e red h i g h e r , since n a t i o n a l
r e g u l a t i o n a i n t r o d u c e d in19)1 to contro l a s b e s t o sdust b*c*me e f f e c t i v e by end
of 19)2.

Cauae o f D e a t h
A l l causes
tung cancerO t h e r r e a p i r a t o r yand c a r d i o v a s -

c u l a r d i s e a s e *O t h e r cancerA l l o th er d i s e a s e s

Ob*.

20**
2 . )4.7

0 / E _

2.6
1.7
0.9

• A l l w i t h m e n t i o n o f a a b e a t o a i a .* M 4 w i t h m e n t i o n o f a s b e s t o s i s .

Sumary o f C o n c l u s i o n *and S p e c i a l Coanent*
A a b e a t o a worker* e m p l o y e d 20yeara or more in " s c h e d u l e d•re*a" e x p e r i e n c e d • n o t a b l y
h i g h e r r i a k o f l u n g cancer.
I n c r e a s e o f bo th a a b e a t o a i aand l u n g cancer abated w i t h
d e cr ea s ed t ime o f e x p o s u r et o p r e - 1 9 ) ) c o n d i t i o n * .
O v e r a l l t e n f o l d increaee i nl u n g cancer; increased r iakb e f o r e 1 9 ) ) e s t i m a t e d a at w e n t y f o l d .
A l l caaea o f l u n g cancer con-f i n e d h i a t o l o g i c a l l y a n d
a a a o c i a t e d w i t h aabea toa i* .

R e f e r e n c e
D o l t , 1955(same cohort

• ( u d l e d byP e t e at ai.,1 9 7 7 )
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T a b l e E- l ( c o n t . )
Cohort S t u d y P o p u l a t i o n a n dHuaber D«titn C h a r a c t e r t a t l c a
10 Locat ion: Unit«d K i n g d o m

T o t a l of S78 a t t l ea andf c i a e l e a ( 5 3 8 <ul«* and220 f e x t a l e a emp loyed
a f t e r 1932).
256 n a l e a e m p l o y e d b e f o r eto 1933 (136 i n c l u d e d inthe 538 above).
Croup* a t u d i a d ; Dunt Ion ofExpoaure ( y r a )

•eforeMo. Se* T o t a l 1933

Expoaure C h a r a c t e r i a t l c a
Aabea toa t e x t i l e f a c t o r y i nnorthern E n g l a n d (aane aa
that a tud i cd by D o l l . 1 9 5 5 ) .
Duet recorda not a v a i l a b l e

R e a u l t a
Expoaure Group 4 (N - 538)

Cauae of Death Oba. Exp.
A l l cauaea 2 3 I n . 2

0/E
1.4

u n t i l 1951. Cancer of thel u n g and
Pre-1933 expoaurea conaidered p l e u r a 6h l g h e a t . O t h e r n e o p l a a m a 4
Nuneroua changea in proc eaaaiade in 1932 and through theI940a and I 9 5 0 a .

6.4
9.1

0.90.4

Croup
57 M61 H

136 H
538* H

>20
>20
120

10-19
<to

220 P 110
None
N o n e

• I n c l u d i n g 136 acn inGroup 3 b e fore they hadworked for 20 yeara in"acheduled areaa."
F o l l o w - u p f r o « 1936 t oJ u n e 1966 f o r f i v eexpoeure group* d e f i n e dby t o t a l d u r a t i o n ofe ipoaure , by d u r a t i o nof evpoaure b e f o r e 1933,and by aex.
P o l l o w - u p i n f o r m a t i o n no tobtained for all ann andwonan ever e n p l o y e d .

S u i m a r y o f C o n c l u a i o n aand S p e c i a l Coanenta Keterence
E f f e c t o f reduced poat-1932e x p o a u r e a e v a l u a t e d .
R e a u l t a for G r o u p a I and 2 w i t hpre-1933 expoaure a i a j l l a r t o
thoae o f D o l l ( 1 9 5 5 ) . I n thatt e n f o l d increaae in riak ofl u n g cancer for g r o u p 1 (12.0oba. va. 1.2 e x p . ) , t h r e e f o l d
increaae for Croup 2 (5 oba.va. 1.6 e x p . ) . T w o f o l d increaaein cancer of other a i t ea ob-aerved o n l y for C r o u p I (5 oba.va. 2.6 e x p . ) . S l i g h t Increaaein r i a k of l u n g cancer for G r o u p 3
(2 va. 1 . 3 5 ) and Croup 5 (2 va.0 . 2 4 ) , but none In C r o u p 4
(6 v>. 6.4).
Reduced duat l e v e l a a a a o c l a t e d
w i t h decreaaed riak o f lungcancer. Pour of the f i v e ettao-t h e l i o M a obaerved were I d e n t i f i e d
anong n e c r o p a l e a o f e w p l o y e e e<IO yeara. Duration of expoauref o r •eao the l i oa ia caaea rangedfro* 7 oontha to 23 yeara.

Knox et a l . ,I96*~(aana cohort
a t u d l e d by»«!to et al. .1 9 7 7 )
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T a b l e E - l ( c e n t . )
CohortN u m b e r

S t u d y P o p u l a t i o n a n dP e a i g n C h a r a c t e r l a t i c i E x p o a u r e C h a r a c t e r i a t i c a R e a u l t a
10 L o c a t i o n : U n i t e d K i n g d o m .822 M t « t and 18* f e a a l e e1122 «alea and 284 feu lete m p l o y e d >IO year* in "eehed-uted tret" by end of 1972.

F i v e expoeure groupe d e f i n e dby t o t a l d u r a t i o n of e«po-*<ire, by d u r a t i o n of e xpoaureb e f o r e 1933, and by aex.
Croupa « t u d l « d ; L e n g t h o f Ex-poaure ( y r a )Re f o r e
Croup H o . S e n T o t a l 1933

A t b e a t o t t e x t i l e f a c t o r y i nR o c h d a l e i n n o r t h e r n E n g l a n d(•ee a l a o D o l l , 1 9 5 $ ; K n o x« a K , 1 9 6 4 ) .
Duat l e v e l a reduced by 50Xto 80* by 1 9 5 7 ; I9M wan
dual l e v e l 10.8 f i b e r a / c n ' ;
1972 wan dua t l e v e l 2.9f i h u r a / c H 1 .
N o I n f o r m a t i o n a v a i l a b l e f o r••ok ing.

1
2}
4i

69• 762 < S 1
679*284

N
H
H
HP

>20
>20>20

10-19> I O

> I O' • 1 0N o n e
N o n eN o n e

• I n c l u d i n g 263 wn ingroup I b e f o r e they hadworked for 20 yeara in"acheduled areai."
E x p e c t e d numbert o f d e a t h avere computed fro* n a t i o n a l
d e a t h ratea in Eng land andW a l e * .
F o l l o w - u p fro* 1933 to 1974.(It of worker* c ou ld not bet r a c e d . )

Cau«e o f Death Ob*. Exp . 0/E
A l l cauaea 3 1 7 248.6 1 . 3Lung oncer 51 23.8 2.1G a s t r o i n t e s t i n a l

cancrr 16 I S . 7 1 .0M e f i o t h e t i o i m i 10*

E x p o a u r e C r o u p 4 (N • 6 7 9 )
Cauae o f D e a t h phi. E x p . 0/E
A l l caune* 1 2 7 1 2 3 1 . 0Lung cancer 24** 12.8 1.9
O t h e r cancer 11 17.8 0.6

E x p o i u r e Croup 5 (H » 284)
Cauae of D e a t h Oba. E x p . 0/E
All cauaea 24 23.7 1.0Lung cancer 3** 0.9 3.3Other cancer 6 7.6 0.8

* I O p l e u r a l n e a o t h e l l o i a a a obaerved( n i n e l a a l e a and one f e n a l e ) .
* * l n c t u d e a tvo n e a o t h e l i o a i a a inC r o u p 4 and I a w a o t h e l i o n a in

G r o u p 5.

S u m i a r y o f C o n c l u a l o n a
and S p e c i a l Cenaenta_______
E f f e c t o f reduced poa t -1932d u i t l e v e l a e v a l u a t e d .
R e a u l t a for C r o u p a 1 and 2a i n i l a r to thoac o f Knoi ie t aK ( 1 9 6 8 ) for l u n g cancer
and cancer of o t h e r a i t e i .
A p p r o x i m a t e l y t w o f o l d increaaa
in l u n g cancer for Croup 3(9 oba. va. $-6 e x p . ) and no
inereaaa f or cancer o f o th era i t e a (6 oba. va. 6.6 e x p . ) .

T w o f o l d increase in l u n g cancerfor C r o u p » (24 va. 1 2 . 8 ) ;C r o u p 5 had t h r e e f o l d incraaae(3 va. 0.9).
No increase in g a a t r o i n t c a t i n a lcancer f o r a l l group* combined( 1 6 oba. v a . I S . 7 e x p . ) .

R e f e r e n c e
P e t e et a l . ,

1977

N J•̂ JSO
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T a b l e E - t ( e o n t . )
S t u d y P o p u l a t i o n a n dD e a l g n C h a r a c t e r i a t i c * txpo«ur* C h a r a c t e r i a t i c * R e m i t !

10 L o c a t i o n : U n i t e d K i n g d o e )
167 aan f l r a t e m p l o y e din aabeatoa tot I laf a c t o r y be fore 1951 i14) b e f o r e 191).
Three cohort* d e f i n e d :
1. 69 Mm wi th >20j r eare of expo sureand >IO year*b e f o r e 19)).
2. 74 nan with >IO•ear* of expo tureand <IO year*b e f or e 19)).
). 424 Men wi th >IOyear* of exposurebetween 1 9 ) ) andI 9 S O .
Pol low-up through 1978.

Sam •• thoac r epor t ed byD o l l ( 1 9 ) } ) . K n o i e t e l . ,( 1 9 4 8 , and P e t o e t aU,( 1 9 7 7 ) .

Cam* of Death
Cohort

Oba. Exc

Lung cancer( H e a o t h e l i o - a )
Cohort 1:Lung cancer( M e * o t h e l i o - a )
Cohort 3:Lung cancer( H e a o t h e l i o i i a )

I )

7
( S )

12
( 7 )

1.6 8.1

1.5 2.0

13.9 1.6

S u m t r y o f C o n c l u a i o n a
and S p e c i a l Cmaunt*________
N o a t i o c i a t i o n o f riak* f o r•eao the l i oa ia w i t h a|* per **,b u t r a t h e r , w i t h t ine l a p a e daince exposure .
R i a k of •eaothe t io-a doe* not
a p p e a r to have been nich h i g h e ravong i«en i n i t i a l l y very h e a v i l ye x p o i e d .
I n Cohort I , 4 7 t o f d ea th*( 3 1 / 6 6 ) vere fro* a t b e a t o i i a ;in cohort 3, 131 ( 2 6 / 2 0 1 ) ofdeath* vere from aabe*toai*.

He f e r ene e
P e t o , I 9 8 0 a(aea* cohort

e* P e t o*£ *!.,
I977T

K )00



T a b l e E - l ( c e n t . )
Cohortnumber
11

S t u d y P o p u l a t i o n a n dD e s i g n C h a r a c t e r i s t i c s
Loot ion: U n i t e d S t e t e a
A s b e s t o s produc t*
worker*.
All men e m p l o y e d bycompany who r e t i r edbetween 19*1 and 1967•nd l iv ed at teaet to•I* 65. Hie cohort wssr e f i n e d to i n c l u d e !,»»retired K a l e * who hadbeen e n p l o y e d a* produc-t i o n , M a i n t e n a n c e , andservice e m p l o y e e s f o rasbestos company.
L a t e r f o l l o w - u p o f 1,071•ale*.
U . S . aale d e a t h rate*were u*ed to compute ex-p e c t e d number* of d e a t h a .
P o t l o w - u p i n i t i a l l y

E x p o s u r e C h a r a c t e r i s t i c *
C h r y a o t t l e o n l y a n d c h r y * o t i l e
and c r o c i d o l i t e m i x e d .
Q u a n t i t a t i v e exposure d a t abai l ed on c u m u l a t i v e e x p o s u r eat t ime of r e t i r e m e n t( m p p c f - y ) .

R e s u l t *
Cause o f De*th Ob*.
A l l causes 7 8 1
Cancer 171
L u n g cancer 6)G a s t r o i n t e s t i n a lcancer 55
M e s o l h e l i n m a ( 5 )
O t h e r cancer 55R e s p i r a t o r y d i a e a a e 68
A t h f ^ H t o a i a I Q
R e n p i r a t o r y cancer ( S H R ) , b yt y p e o f a*be*to*
T y p e o f Acbeato* Ho.*
A m o s i t e 58C h r y s o t i l e 7 5 4
A m o s i t e *nd c h r y e o t i l e 98C h r y s o t i l e a n d

c r o c i d o l i t e 209A s b e s t o s - c e m e n t p i p e 81( c h r y * o t i l e and
c r o c i d o l i t e )

0 / J 8
1.2
1.6
2.7
1.4

1.21.7
N A

ob*. o/e
f t J . 6

60 2.5
& I . B

12 4.6
I t 5 . 8

S u m m a r y o f C o n c l u s i o n *and S p e c i a l Comenta
R e a p i r a t o r y cancer r i s k in-
creased •• q u a n t i t a t i v e ex-
p o s u r e l e v e l incr ea s ed . S N Rf o r lowest exposure l e v e l ,
2.0; SNR 7.8 f or h i g h e s te x p o s u r e l e v e l .
E f f e c t s o f asbestos exposure
w i t h r e s p e c t t o l u n g csncerr i s k c o n t i n u e d w e l l p**t t h e
t e r m i n a t i o n o f e x p o s u r e .
I n c r e a s e d r i s k s d i f f e r e d b yt y p e o f a s b e s t o s e xpo sur e ( S H R
for c h r y s o t i l e o n l y 2.5 vs. 5
for c r o c i d o l i t e *nd c h r y s o t i l e

• t K e d ) .
Of the M e s o t h e l i o M esses re-ported from h o s p i t a l s aroundN e w J e r s e y p l a n t , 4 1 / 5 8 h a d
record of e a p l o y n e n t at p l a n tbu t o n l y two were e l i g i b l e f o rs t u d y cohort a* d e f i n e d .

R e f e r e n c e
H e n d e r e o n andI n t e r l i n e , 1979
Enter! inc. 196}
E n t e r l i n e andK e n d r l c k . 1967
E n t e r l i n e andH e n d e r s o n , 197)

through 1969 ( E n t e r l i n eand H e n d e r s o n , 1 9 7 3 ) ;s u b s e q u e n t l y , t hrough1 9 7 ) ( H e n d e r s o n and
E n t e r l i n e , 1979). Lostt o f o l l o w - u p n o t s p e c i f i e d .

F i v e m e a o t h e l t o a w d e a t h s observedin c ohor t , of which three occurred
d u r i n g 1970-197).

T h e s t u d y p o p u l a t i o n o f r e t iree*
are "survivor*," and M o r t a l i t ye x p e r i e n c e may not r e f l e c ta c t u a l risk* a s s o c i a t e d w i t ha s b e s t o s expo sure . H o s t l i k e l y ,
r i o k n were u n d e r e s t i m a t e d .

00N>

* N t i m h e r o f men e x p o s e d .



T a b l e E-l ( c e n t . )
CohortHu-ber
12

S t u d y P o p u l a t i o n andPealm C h a r a c t e r l a t l c a Eipoaure C h a r a c t e r i s t i c * R e a u l t a
L o c a t i o n ) U n i t e d S t a t e *
5.6*5 white and black•ale worker* employed forat leait one eonttnuou*month b e f o r e J a n u a r y 1,1970 la either of too•abe*to*-eement b u i l d i n g•ateriala plant* In NewOr lean*, L o u l a l a n a .
Worker* In the f i v e duatcategoric* analys eddid not d i f f e r byl e n g t h o f f o l l o w - u p ,age at I n i t i a l eipoaure,and year of I n i t i a lespoaure.
Death rate* for maleaI n t h e U n i t e d S t a t e a•nd In Louis iana•epara t e ly were u*edto compute e ipe c t eddeath*.
Minimum 20 yeara off o l l o w - t i p to Deceaiber 31,1974. A p p r o x i m a t e l y751 of cohort traced.

Predominant f i b e r c h r y a o t l l e .but c r o c l d o l t t e uaed In *ome
area*. Some a m o e l t e .
Aebeetoa-cement M a n u f a c t u r i n g .Both p l a n t * opened I n e a r l y
1920*.
Q u a n t i t a t i v e exposure databaaed on duat meaeurementa( • p p c f ) a n d work h l a t o r l e *
to e a t a b l t a h c u m u l a t i v e do*e
e a t i m a t e ( m p p e f - y r ) f o rI n i t i a l 20 yeara of employment .

Cauae of D e a t h Oba.
Ml cau*e*M l cancerLung cancerG a a t r o l n t e a t l n a l

cancerH e a o t h e l l o m a 252

0/E

50.1 0.5

0/E r a t l o a no t h igher In any e ipoaureaubgroup f or any cauae e x c e p t r e e p l r a -tory t ra c t cancer, In two h l g h e a texpoeure groupa .
R e e p t r a t o r y T r a c tCancer ______
Expoaure Croup< 10 m p p c f - y r11 - 50

51 - 10U101 - 200

R t a p t r a t o r y T r a c tCancer ______
H i g h ExpoaureN o c r o c l d o l U eC r o c l d o l l t eI n t e r m i t t e n tS t e a d y c r o c l d o l U e

Oba. Exp. 0/E

19•
1914

Ob*.

85

25.711.4
3.83.16.2

Exp.

4.4
1.4

0.8
0.7
0.12.92.3

0/E

1.8
3.6

2.9 2.4

Summary of Conclusion*
and S p e c i a l Commeota_______
R l a k I n c r e a a e d more a t e e p l yw i t h I n c r e a a e d q u a n t i t a t i v eexpoaure than w i t h Increaaedd u r a t i o n o f e m p l o y m e n t .
Exceaa m o r t a l i t y f o r lungcancer obaerved only forg r o u p a w i t h M o d e r a t e andhigh cumulat ive expoaure(SNR 2.9 and 2 .3).
N o d e t e c t a b l e exceaa r lako f l u n g cancer In peraon*e m p l o y e d for lea* than 2yeara or w i t h low expoaure.Rlak appeara high for two
aubgroupa expoaed to c r o c l d o -l U e , bu t only In th e h ighexpoaure g r o u p (* 200 a p p c f - y r ) .
No tncreaaed rl*k observedf o r g a a t r o l n t e a t l n a l cancerIn any aubgroup.
T w o - p l e u r a ! •eeothelloaaaobaerved (one ea ip l oyed leaathan 1 year and one for 14
yeara). N o I n c r e a a e d r l i ko f r e a p l r a t o r y cancer f o rexpoaurea below 100 u p p c f - y r .
Soae death* aay have been•laaed due to low t r a c i n grate ( a p p r o x i m a t e l y 751).

Ref er enc e
H u g h a a andU e l l l . 1980
W e l l l * l a l - .1979

toCO
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T«bl« E-l ( e o n t . )
Cohort

13

S t u d y P o p u l a t i o n a n dDeaign C h a r a c t e r l e t i c e Expoiur* C h a r a c t e r l e t l c * R e * u t t *
L o c a t i o n : Canada
328 employee* of Ontarioa*be*to*-cement f a c t o r yhired b e f or e I960 Md
••ployed for • minimumof 9 year*.
3 . 2 X ( I I ) o f cohorte x c l u d e d , eince expoture*could not be c l a t a i f i e d .
T h r e e aubgroup* e n e l y t e d :186 p r o d u c t i o n worker*( P ) . S i M l n t e n c n c eworkere (N), end 87worker* in rock wool/f l b e r g l a * * operation*( C ) (unei ipoied t o
aabeato*).
Death ret** for theProvince of Ontariowere ueed to computee x p e c t e d number* ofdeath*.
P o l l o w - u p to October 11,1980. f o l l o w - u p of 96»of cohort.

A i b e t t o i - c e m e n t worker*.
Pactory opened in 1948.
C h r y * o t i l e and c r o c t d o l i t e
u*ed in p i p e m a n u f a c t u r i n gprace**; c h r y a o t l l e on lyin other area*.
Q u a n t i t a t i v e e xpoaure d a t abaie on du*t meaaurementtand work h t a t o r i e * tode t ermine c u m u l a t i v e do t emeature ( f i b e r i / c m 3 ) / y r .
Banking h l e tor i e* obt*ined for70t of cohort.
The 186 p r o d u c t i o n worker*
ranked on b e l l * of 18-yearc u m u l a t i v e expo sure andinto three group*: A, t ,a n d C , r e p r e s e n t i n g d i f f e r e n texpoeure l e v e l * .

P r o d u c t i o n i n d M a i n t e n a n c e G r o u p i
Came of Death Ob*. E«p. O/E
All c iutea 72 42.5 1,7
All cencer 36 9.9 3.6
Lung cancer 20 J.I 6.1C a * t r o l n t e * t l n * lcancer 4 2.5 1.6H e a o t h e l l o m a 11 — —
Of the 58 d e a t h e among p r o d u c t i o nworker*, 10 were m e * o t h e l l o m a * ( f i v ep l e u r a ! and f i v e p e r i t o n e a l ) . Onem e * o t h * l l o m a d e a t h among maintenanceworker*. A l l I I death* exposed t oboth c r o c l d o l l t e a n d e h r y i o t i t e .
Number end Ratea of Death AmongP r o d u c t i o n W o r k e r * _ _ _

H o . o f Deatha ( R a t e /1,000 min-yeare)* by
C u m u l a t i v e E x p o t u r e
E x p o s u r e Croup_____

Simmary o f C o n c l u a i o n *and S p e c i a l Coi»»tnte _____
No increaicd ri*k for l u n gcancer obierved w i t h in-creaaed q u a n t i t a t i v e exposure.
t to i**ociation of i K a o t h e l i o Mw i t h amok ing , but i t r o n g aaeo-c ia t i on wi th e i p o f u r e level inp r o d u c t i o n worker*.
H i g h increeied rl*k o f l u n gcancer ••eoeiated w i t h aabeato ie x p o s u r e , but the l e ek of in-created ri*k w i t h i n c r e a s i n ge x p o t u r e t u g g e i t e that expoauree t t i i a a t e i may be i m p r e c l e e .

A 8Loweit
M e * o t h e l i o < M 1 ( 1 . 9 ) 2 ( 4 . 9 ) 6 ( 1 1 . 9 )
Lung cancer 3 ( 1 3 . 6 ) 7 ( 2 6 . 1 ) 6 ( 1 1 . 9 )
G a i t r o l n t e i -t i n a l cancer 0(0.0) 1 ( 2 . 5 ) 3 ( 6 . 0 )

R e f e r e n c e
P l n k e l i t e l n ,1983

N>

*P.ate* i t a n d a r d l c e d to *ge
d l e t r l b u t i o n o f C r o u p C .



T a b l e E- l ( c o n t . )
Cohort S t u d y P o p u l a t i o n a n d
Nuaber Design C h a r a c t e r i s t i c s
14

Exposure C h a r a c t e r l a t l c a R e a u l t a
L o c a t i o n I Demurk
6,372 M a l e s ever e»-p l o y e d In three aabee-tos-ceaent f a c t o r i e sbetween 194* and 1976.S u b j e c t * Mere consideredexpo s ed i f they had everhandl ed a sbe s to s pro-duct* (N • 3,686). 646sub j e c t* were c l er icaland a d a l n l e t r a t l v eperaonnel wi thout knownexposure.
I n c i d e n t cases weredrawn froa company f i l e *and compared to e x p e c t e dnuaber* derived fro* theDanl*h Cancer R e g i s t r y .
F o l l o w - u p waa a p p a r e n t l y1001 through 1976.

Aabeatoa-ceaent workers. The•sjor e ipo sure was to chryso-t l l e , b u t c r o c l d o l l t e a n da a o s l t e were used In e a s t l
amounts I n l a t e r yeara.
Ho duat aeaaureaents or quan-t i t a t i v e expo sure d a t a , a l -though *o*e e s t l a a t e s o f f i b e rconcentra t ion were p r e s e n t e d .
No swot t ing data were a v a i l a b l ef o r t h e a t u d y s u b j e c t * , a l -though a survey In one of thethree p l a n t s I n d i c a t e d t h a t ahigher p r o p o r t i o n o f workerswere aaoker* than would bee ip e c t ed In th e generalp o p u l a t i o n .

Csuee o f Death Obs. 0 / E
Ail cu t i c er 167 151.1 1.1lung cancer 47 27.8 1.7
G a s t r o i n t e s t i n a lcancer 59 49.3 1.2H e s o t h e l l o M 3
Other cancer s l t e s tL a r y n x 3 2.9 1.7P r o s t a t e 14 7.7 1.8S t o m a c h 14 9.2 1.3
M o r t a l i t y wa s no t r e p o r t e d . S t a n -d a r d i z e d I n c i d e n c e r a t t o a ( S I R a ) f o rall cancer were 1.1 ( 1 6 7 / 1 3 1 . 1 ) Inexpoaed and 1.0 ( 2 0 / 2 0 . 6 ) In the un-e ipo s ed group s . T h e S I R I n t h e u n -exposed group f o r r e s p i r a t o r y cancerwa* 0.9.

Suanry o f C o n c l u s i o n sand S p e c i a l Cosaents______
T h e excess l u n g cancer I sc o n s i s t e n t w i t h an a s b e s t o se f f e c t , a l t h o u g h I t I s c o n -f o u n d e d b y c i g a r e t t e M o l t i n g .
No d a t a were pr ea en t ed quanti-f y i n g expoaure o r p e r m i t t i n gaases svent of risk by t y p e ofa a b e s t o s expo sure .
Exces s o f l a r y n g e a l cancer lae t a t l e t l c a l l y s i g n i f i c a n t .

R e f e r e n c e
Clcsne s eo andH j a l g r l B -J e n s c o , 1981
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T a b l e C - l ( c o n t . )
Cohort S t u d y P o p u l a t i o n and. H u m b e r D e s i g n C h a r a c t e r i s t i c s E x p o s u r e C h a r a c t e r i s t i c s

L o c a t i o n : U n i t e d S t a t e *
U n i o n member* in NewY o r k c i t j r and metro-p n l i t a n H e w J e r s e y .
S u b j e c t ! i n c l u d e d 6 3 2who were union memberson December II, 1947and 890 who j o i n e d theuniona between 1943 and
1962.

M o r t a l i t y a t u d y U n i t e dto the 632 member* inthe cohort w i t h thee a r l i e r members. A l lmember* ol t h i a cohorthad at l e a a t 20 yearao f f o l l o w - u p .
E x p e c t e d number* ofd ea tha in the i « o r t « H t ya t u d y were baaed on U . S .
•tale d e a t h rate*. Sunk-ing rate* were ob ta inedf r o m the Amer i can CancerS o c i e t y p r o a p e c t l v e i t u d yof c i g a r e t t e smoking.
F o l l o w - u p o f t h e e a r l ycohort wa* IOOX a* ofDecember 31, I 9 6 2( S e l i k o f f e j t •!., 1964).

A a b e a t o * i n a u t a t i o n worker*( H e w Y o r k a n d H e w J e r s e y ) .
Ho duat Measurement* orq u a n t i t a t i v e e xpo sur e d a t a .
S m o k i n g i n f o r m a t i o n o b t a i n e df r o m i n t e r v i e w of 370 men
f r o m the early-member cohortwho were a l i v e a* ofJ a n u a r y I . 1963. T h i acohort w«* f o l l o w e d u n t i l
A p r i l 30, 1967.

R e s u l t *
Cause o f D e a t h
A l l causesA l l cancer
L u n g cancerG a s t r o i n t e s t i n a l

cancerH IT no th e H o r n s
O t h e r cancer s i t e sL a r y n xK i d n e y

Ob*.
478
210

93
43
38

62

E x p .
328.9

51.0
13.3
15.0--
2.8
1.3

0 / E
1.53.7
7.0
2.9--
2.11.5

E a r l y Cohor t ( S e l l k o t t f t «!.. 1964.1 9 7 9 ) ! F o r the 632 worker* in the
union at the end of 1947, m o r t a l i t yf r o m a l l cauaea w a * e l e v a t e d( 2 ) 3 / 1 9 6 . 2 ) . T h e r e wa i * t h r e e f o l dexee** o f cancer ( 9 5 / 3 1 . 4 ) , m o « t l y
c o n t r i b u t e d by cancer o f th e l u n g
( 4 2 / 6 . 0 ) a n d g a * t r o i n t e * t i n * l t r a c t
( 2 9 / 9 . 7 ) .
L a t e r - M e m b e r Cohort ( S t l l k o f f e t al..1 9 7 9 ) ; S M R f o r a l l cauie* w a a 1 . 0( 6 2 / 6 4 . 6 ) ; the a l l cancer SHR wa* 2.0( 2 0 / 1 0 . 1 ) ; B2I of the peraon-year*were In th e group* observed l e * a than20 yeara.
Of the 3* m e a o t h e l i n m a * o b s e r v e d ,

I t were p l e u r a ! a n d 2 7 were p e r i t o n e a l .

Summary o f C o n e l u t I o n *a n d S p e c i a l Comments
T h e s t u d y s u b j e c t * workedin a number o f d i f f e r e n t
i n d u s t r i e s , i n c l u d i n g s h i p -
b u i l d i n g .
T h e s m o k i n g a n a l y i l *
( S e l i k o f f e t a t . , 1968)s u g g e s t e d an I n t e r a c t i o n
be tween c i g a r e t t e smokingand a*be*to* e x p o s u r e , butth e l a r g e r i sk e s t i m a t e *
were based on very a m a l le x p e c t e d numbers.
C a n c e r s o f the l u n g and g a s t r o -i n t e s t i n a l t r a c t were not ex-c e s s iv e u n t i l a f t e r at l ea s t 20year* o f f o l l o w - u p .
The la ter-member cohort r e f l e c t *
p o s t w a r c o n d i t i o n * .
H o d o s e - r e s p o n s e i n f e r e n c ep o s s i b l e heeauae o f t h e l a ck
o f e x p o s u r e d a t a .

R e f e r e n c e
S e l i k o f f e t s_l.,1964, Olt,

1979
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T a b l e E - l ( c o n t . )
Cohort S t u d y P o p u l a t i o n a n dHiinber D t a i t n C h a r a c t e r i i t i c a
16 L o c a t i o n : U n i t e d S t a t e *

17,800 worker* l i f t e d •••ember* of 120 l o c a l
union* w i t h i n t h e U n i t e d
S t a t e * and C a n a d a onJ a n u a r y 1. 196%
E x p e c t e d number* c o m p u t e df r o - U . S . wh i t e w i l ed e a t h rate* and theA m e r i c a n Cancer S o c i e t ya t u d y o f c i g a r e t t e•moke f t .
F o l l o w - u p throughDecember 31. 1976.

Expoaure C h a r a c t e r i s t i c *
l n * u l a t i o n worker* union.
No d u i t meaeurementa or

S t r o k i n g d a t a were o b t a i n e dfro* q u e s t i o n n a i r e * m a i l e d
t o 12.051 Hen w i t h a t l e a a t
20 yean of f o l l o w - u p . Therate o f r e a p o n a e wan 6 8 X .

R e a u l t *
C a u i e o f D e a t h
A l l caunet
A l 1 cancer
L u n g cancer
C a n t r n i n t e a t i n a l

canrer
M e a o t h e l i o m a
O t h e r cancer * i t e i i :

Ob*.
2 . 2 7 1

922429
94

175

E x p .
1.658.9

319.7
105.6

59.4—

0 / E
1.4
2.9
4.1
1.6—

L a r y n x , p h a r y n x ,and buccal c a v i t y 25 14.8 1.7
K i d n e y 18 8.1 2.2

M o r e t h a n 50X of the exce** cancer wa*
d u e t o cancer o f t h e l u n g ( 4 2 9 / 1 0 5 . 6 ) .
A t e n f o l d r iak o f l u n g cancer was aatoc-
c i a t e d w i t h a n o k i n g i n b o t h e x p o * e d a n du n e x p o i e d g r o u p a ; a f i v e f o l d r i a k f o r
a*be*to* e x p o a u r e in bo th amoker* andnonaamker*. Cx-iwoker* h a d a u b t t a n t i a l l y
lower l u n g cancer rate* t h a n d i d currentamoker*.

S u m m a r y o f C o n e l u a i o n *a n d S p e c i a l Coiamenta______
R i i k e a t i m a t e * f o r o v e r a l lm o r t a l i t y were lower t h a nin o t h e r a t u d i e * by the•ame a u t h o r a , becauae th i*
cohort i n c l u d e d i n d i v i d u a l *
w i t h v a r y i n g p e r i o d a o f
f o l l o v - u p .
Ihe i n o k i n g d a t a were baaedon r e l a t i v e l y a t a b l e rate*and ahow a c o n a i a t e n tm u l t i p l i c a t i v e e f f e c t .
S t u d y r e a u l t * i n d i c a t e ah i g h increase in ri*k of
l u n g cancer a a a o c l a t e d w i t ha f b e a t o a e x p o a u r e , b u t t h el a c k o f e x p o i u r e d a t a nakeai t d i f f i c u l t t o ahow a doae-
re*pon*e r e l a t i o n a h i p .

R e f e r e n c e *
S e l i k o f f * t _ *J..,1979
H a m o n d et a l . ,1979
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T a b l e E - l ( e o n t . )
Cohort
Number
17

S t u d y P o p u l a t i o n a n dD e a l g n C h a r a c t e r l e t i c e Expoaur e C h a r a e t e r i a t i c a R e a u l t a
l o ca t i on: N o r t h e r nI r e l a n d
A l l m e n l i f t e d a e in eu la-tora and p i p e eoverere on1940 t i a t a o f t r a d e unionmember eh lp . A t o t a l of170 a u b j e e t a ( E l m e a andS i m p a o n , 1977).

B e l f a a t i n a u l a t i o n workera.
No duat meaaurementa or quan-t i t a t i v e e xpo sur e d a t a .
S m o k i n g d a t a were u n a v a i l a b l e
f o r 4 6 workera. A l l b u tf i v e o f t h e r e m a i n i n g 124were amokera.

E x p e c t e d death* were de- Expoaed to three of the mainrived f r o m death ratea commercial t y p e e of aaheatoa:
f o r N o r t h e r n I r e l a n d . c h r y e o t i l e , a m o a l t « , a n dcroc I d o l 1 1 « .
The cohort receivedp e r i o d i c biannual examl-nat iona aince 1970, andwaa under a u r v e i l l a n c ethrough I 9 7 S .
F o l l o w - u p w a a 9 S X c o m p l e t e( E l m e a and S i m p a o n , 1 9 7 7 ) .

Caune o f D e a t h
( E l m e t and
S i m p a o n , 1 9 7 7 )
A l l caui ie tA l l cancerlung cancerC a a t r o t n t e a t i n a lcancer
H e a o t h e l i o n *

Oba.
120

65
35
1313

Is
( 5 8( 9

5
2
~

pa>

.9)*
.5)*
.0
.2
-

0
26;
5
—

/ E
.2*
.8*
.0
.9
-

*E*t t i ia t ed fro™ data .
S H R f o r a l l cau>e« o f m o r t a l i t y w a a
mre t h a n 3 for 19)0-1964. but o n l yh a l f t h a t a f t e r
Cauae o f Death
( E l K > a n dS i m p a o n . 1 9 7 1 ) Oba. Exp.
A l l c au i t e i 9 8
A l l cancer 4 5M e a p l r a t o r j rcancer 28
C a a t r o i n t e a t i n a tcancer 15

1.6 17.5

Summary o f C o n c l u a i o n aand S p e c i a l Coiaaenta______
C a a t r o l n t e a t i n a l cancer r iakpeaked b e f o r e I 9 6 0 andthen re turned to backgroundl e v e l a . M l a k o f b ronch ia lcancer and m a o t h e t i o i i a re-mained h i g h in 1975 ( E l m a
and S i n p a o n , 1 9 7 7 ) .
A l t h o u g h no d a t a are pre-a e n t e d , t h e t e x t a t a t e a thatno d i f f e r e n c e in ri«k waaa p p a r e n t in workera f i r a t
h ir ed b e f o r e 1933 and thoae
hired a f t e r 1933.
S u r v e i l l a n c e o f t h e a t u d yp o p u l a t i o n r e a u l t e d in morec o m p l e t e a a c e r t a i n m e n t o fd e a t h a than in the c onpar i -aon p o p u l a t i o n , thua b i a a i n gr i a k e a t i m a t e a upward . Riak
e a t i m a t e e ( 0 / E ) i n t h i acohort u n u a u a l l y h i g h , a l -t h o u g h cohort had a l o n g
p e r i o d o f f o l l o w - u p .
No i n f o r m a t i o n a v a i l a b l e ont y p e of aabea toa expoaure orduat meaaurementa.

R e f e r e n c e
E l n e a and

S i m p a o n ,
1971, 1977

rO0000

Too few nonamokera to ahow
t h e a i g n i f i c a n c e o f amoking.



T a b I * E - l ( c o n t . )
Cohort S t u d y P o p u l a t i o n a n dN u m b e r Deaim C h a r a c t e r i a t i c a
18 L o c a t i o n : U n i t e d K i n g d o m

A l l employee* («,292•en) at the Royal N a v y
dockyard e m p l o y e d onJ a n u a r y I , 1947 werei d e n t i f i e d fro* p a y r o l lrecorda.
Death retee f o r E n g l a n dand V a l e e were uaed to
comput e d e a t h a . E a t l -
•atee of d e a t h rateaf o r aouthweet B r i t a i nwere uaed to a d j u a tO/E rat l o t , einee the i eratea were b e l i e v e d tobe l e a a than thoae forE n g l a n d .
S u c c e t a f u t l y traced96.61 of cohort to 1978.

Enpoaure C h a r a c t e r i a t l e a
I n d u a t r i a l d o c k y a r d worker*
i n D e v o n p o r t , U n i t e d K i n g d o m .
Ho duet measurement a or quan-
t i t a t i v e e x p o s u r e d a t a .
N o imokini i n f o r m a t i o n .

R e s u l t a
S u m m a r y o f C o n c t u a i o n eand S p e c i a l Comment s

M o r t a l i t y d a t a on 6,076 men.
Cause o f Dea th Oba. E x p .
A l l c i iunea
A l l cancer
Lung cancerC a s t r o i n t e a t i -nal cancer
M e s o t h e l i o m e

1,043
265

84
63
31

1,061.2
282.1
119.7

O / E
0.9
0.9
0.7

A d j .
O/E

1.0
1.0
0.8

8 3 . ) 0.8 0.8
0.5 64.0 77.0

E x p o s u r e to a a b e a t o a wat
g r e a t e a t in the I 9 5 0 t and
d i m i n l a h e d t h r o u g h o u t t h e
I 9 6 0 a . T h u a , t h e M o r t a l -
i ty e f f e c t a may no t ye t b e
a p p a r e n t , e a p e c i a l l y f o r
i n e a o t h e l i o m a .
N o q u a n t i t a t i v e e x p o a u r e
d a t a .
N o a n o k t n g d a t a .
S t u d y cohort i s r e l a t i v e l yyoung (average age 57 yeara)
and a h o u l d b e f o l l o w e d f o r
•n a d d i t i o n a l 20 to 2) yeara.

R e f e r e n c e
R o a a i t e r andC o l e a . 1980
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T a b l e E - l ( c e n t . )
Cohort S t u d y P o p u l a t i o n andH i m b e r D e a i a j i C h a r a c t e r t a t l e a
19 Location: I t a l y

A l l a c t ive o r r e t i r e ddockyard vorkera aa ofJ a n u a r y I , I 9 6 0 ( H - 2 , 1 9 0 )and all aan who workedin the a h i p y a r d a f r o mJ a n u a r y 1, 1960 toJ u n e 30, 1975 (H - 2,074).
T h e M o r t a l i t y ratea f o rthe c i t y of Genoa were
uaed aa one c ompar iaongroup . A cohort ofh o a p i t a l vorkera waauaed aa a aecond com-c ompar iaon group.
F o l l o w - u p through 1975.
No d a t a on l o a a e a tof o l l o w - u p .

E x p o s u r e C h a r a c t e r i a t t e a
S h i p y a r d workera in Genoa.
No dua t M a a u r e n e n t a or quan-t i t a t i v e e xpoaure d a t a .
N o amoking d a t a r e p o r t e d .
The cohort nay a l a o havebeen expoaed to p a i n t a ,
p a i n t a t r i p p e r a , p o l y -a r o m a t i c h y d r o c a r b o n s ,and h a l o g e n a t e d hydro-
carbon*.
Ho d a t a r e p o r t e d on dura-t i o n or t ime o f e m p l o y m e n t .
M o r t a l i t y d a t a a n a l y z e d b y20 job c a t e g o r i e i .

R e a u l l i
Cau»e of Death
A l l eaimea
A l l cancerLung cancer
G a s t r o i n t e s t i -

nal cancerH e a n t h e l i o m a
O t h e r cancera t t e n :

L a r y n xK i d n e y

Oba.
1,070505123

74
N A * *

15
29

E«p.
853.7
212.854.9

58.6
—

7.7
14.7

2 / § _
1.3*1.4*
2.2*
1.3—

1.9*
2.0*

* * H e a o t h e l i o m a d e a t h * were not re-p o r t e d a e p a r a t e l y .
C o m p a r i a o n g r o u p w a a t h e m a l e p o p u l a -
t i o n o f Genoa.
S i g n i f i c a n t in c r eaaea i n l u n g cancer
d e a t h * obaerved f o r aeven j o b ca t e-g o r l e a : c a r p e n t e r * ( 8 / 3 . 0 ) , m e t a l -
l u r g i c a l workera ( 1 6 / 6 . 9 ) , t ron-a m i t h a ( 2 1 / 8 . 1 ) , f i t t e r a ( 9 / 3 . 4 ) .
e l e c t r i c i a n a ( 6 / 2 . 1 ) , a t a k e r a( 1 6 / 4 . 3 ) , a n d i n a u l a t i o n workera
( 5 / 0 . 9 ) .

Summary o f C o n c l u a i o n aa n d S p e c i a l C o m m e n t a _ _ _
D a t a were r epor t ed for 20d i f f e r e n t o c c u p a t i o n a l ca t e-gor i e s I n a u l a t i o n workerawere moat h i g h l y expoaedg r o u p and at h i g h e a t r i a kf o r g e t t i n g p l e u r a l meao-
t h e l i o m a and lung cancer.
N o q u a n t i t a t i v e i n f o r m a t i o non l e v e l a o f due t e x p o a u r e .

N o s m o k i n g i n f o r m a t i o n .

R e f e r e n c e
Puntoni et at.,1979
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T a b l e E- l ( c o n t . )
CohortN u a b e r
20

S t u d y P o p u l a t i o n s n dDesign C h a r a c t e r i s t i c s
L o c a t i o n !U n i t e d K i n g d o m

Exposure C h a r a c t e r i s t i c s
Gas-Bask f s c t o r y workerse x p o s e d t o aab ea t oa .

R e a u l t a

All persons on • s a l a r yHit vere I n c l u d e d Inthe cohort. H - 951f e x w l e s .
E i p e c t e d mmbere basedon nat ional rate* tothe U n i t e d Ungdoau
F o l l o w - u p 61Z c o a p l e t ethrough 1975; 378 f e w l egaa-maak workers success-f u l l y traced through•edlcal recorda.

No dua t s j e a s u m e n t s orq u a n t i t a t i v e eipoaure d a t a .
P r e d o m i n a n t e ipoaure waa toc r o c l d o l l t e f r o m W e a t e r nA u a t r a l l a ( a i U l t a r y g a a
•asks), a l t h o u g h c h r y a o t l l ewas uaed for a few m o n t h s .
N o s m o k i n g d a t a .
A a b e a t o a content o f p o s t -•ortea) l u n g t l a a u e examinedI n r e l a t i o n s h i p t o l e n g t hand t y p e of duat e ipoaure.

G a u g e o f D e a t h Obs. E»p. 0/E

S u m m a r y o f C o n c l u a l o n aand S p e c i a l Commenta______ R e f e r e n c e

A l l cauaeaA l l cancerLung cancerG a s t r o i n t e s t i n a lcancerM e a o t h e l l o m a

166
7412
1017

N A
66.0
6.3

20.3—

N A
1.11.9
O . S—

All l u n g cancer and a j e a o t h e l l o ucases were e i t h e r I n t h e c r o c l d o l l t eexposure g r o u p (727 p e r s o n a ) or bo th
c r o c l d o l t t e a n d c h r y a o t l l e e i poaur eg r o u p (99 p er s ona). No caaeaoccurred In th e group e ipoaed o n l yt o c h r y a o t l l e ( 1 0 2 ) .
An a d d i t i o n a l 12 caae* (1 was•al e) o f • e s o t h e l l o u were f o u n daaong persona who had a p p a r e n t l yworked at the f a c t o r y * Of the
t o t a l of 29 cases, 22 werep l e u r a l and 7 were p e r i t o n e a l .

R l « k o f • e s o t h e l l o w and l u n g J o n e s e t a l . ,cancer waa c o n f i n e d to the 1980
c r o c l d o l l t e - e x p o a e d a u b j e c t a .Losse s to f o l l o w - u p Bay havereduced the M a g n i t u d e of ther i s k s observed.
In g e n e r a l , no c o n s t a n t re-l a t i o n s h i p be tween f i b e rcount I n t l a a u e a p e c l a j e n a
and d u r a t i o n o f e ipoaure .
f a t a were p r e a e n t e d onf i b e r t y p e , bu t no quant i-t a t i v e e x p o a u r e I n f o r m a t i o nwas a v a i l a b l e .
H e a o t h e l l o n a r l a k w a a s t r o n g l ya a a o c l a t e d w i t h d u r a t i o n o fexpoaure , whereas a dose-responser e l a t i o n s h i p waa not observed
f o r lung cancer.
M e t h o d o f t r a c i n g would increasep r o b a b i l i t y o f I d e n t i f y i n g wonenwho had d i e d or d e v e l o p e d M a l i g n a n td l a e a a e and would tend to over-e s t i m a t e r l a k a I n t h l a cohort .

rovO



T a b l e E-l ( c e n t . )
CohortNumber
23

S t u d y P o p u l a t i o n a n dDeaign C h a r a c t e r l a t l e a
L o c a t i o n 'U n i t e d K i n g d o m

Eipoiure C h a r a c t e r i a t l c a
Gaa maak m a n u f a c t u r i n gworker •.

R e a u l t a

The cohort waa I d e n t i -f i e d f r o m a H a t o f a l lf e m a l e realdenta o fL e y l e n d , Preaton, andBlackburn In 1939.Iheae were the threelocation* where gaa•aaka were m a n u f a c t u r e d .I t i e H a t * were derivedfro« t h e N a t i o n a l H e a l t hServic e Centra l R e g l a t e r ,and all women whoaerecord Indi ca t ed aervtceIn the M a n u f a c t u r e o fgae maik* were I n c l u d e d .
435 woajen f r o m Leylandand 322 f r o m Preatonwere I n v o l v e d Jn manu-f a e t u r e o f m i l i t a r ygaa Make. 570 womenf r o m Blackburn widec iv i l ian gaa Make.
Death* fro« January 1,1951 to June 30, 1900were I n c l u d e d . Expec t ednumber* of death* werecomputed fro* nationaldea th ratea In England
and Hale* .
f o l l o w - u p through June1980 wit 100S.

Ho dua t meaeuremeota orq u a n t i t a t i v e expoaure d a t a .
H o a m o k I n g d a t a .
T h e L e y l a n d ( L ) a n d P r e a t o n(P) cohort* were eapoaedp r e d o m i n a n t l y t o c r o c t d o l l t ebut I n c l u d e d a b r i e f expoaureto c h r y a o t l l e . The Blackburn(B) cohort waa expoaed ex-c l u a l v e l y t o c h r y a o t l l e .

Summary o f C o n c l u a i o n aand S p e c i a l Comment* Ref er enc e
Cauae o f D e a t hA l l L o c a t l o o a
All cauaeaA l l cancerLung cancerG a a t r o l n t e a t l n a lcancerM e a o t h e l l o m a

Oba.
396
11022

N A6

£«£.
3139511.0
N A
—

0/E
1.31.22.0
H A—

All cancer and lung cancerratea were higher In thec r o c t d o l l t e expoaure groupa.Blackburn cancer ratea( c h r y a o t l l e e x p o a u r e ) were• l i g h t l y above background.
A a a o c l a t l o n o f ovarian cancerand aabeatoa expoaure con-

Acheaon et a l . ,1982

Other cancer a l t e a :Ovary 17 7.8 2.2
Remit* by l o c a t i o n ,Preaton ( P ) , L e y l a n d ( L ) , a n dBlackburn (B)|

Location
P + L
B
A l l CancerP + LB
Lung CancerP » L
B

DeathaOba.
219
177

6644

157

f r o m A l l
Exp.
185
128

5441

6.24.8

Cauaea
0/E
1.21.4

1.21.1

2.41.5
F i v e deatha at the P + L loca t lonawere due to meao th e l l oma , where*aonly one waa obaerved In B.
A a t a t l a t l c a l l y a l g n l f l c a n t exceaaof ovarian cancer waa preaent lathe P + L cohort ( 1 2 / 4 . 4 ) but notIn the B cohort ( 5 / 3 . 4 ) .

a l a t e n t w i t h report o fNewhouae et al. ( 1 9 7 2 ) .

10voN>



S t u d yP o p u l a t i o n
1,117 Insu-l a t l o nworkers

Persona incentralF i n l a n d

T A B L E E-2. R e a p l r a t o r y M o r b i d i t y S t u d i e s o f Asbe s t o s -Expo s ed P o p u l a t i o n s 9

F i b e r T y p e s S t u d y Design Sunmary o f I m p o r t a n t Findings___________ R e f e r e n c e s
C h r y s o t l l e C r o s s - s e c t i o n a l ;and a s j o s l t e no ex t ernalcontro l s

Insu-la t ion
workers

1,015 Chryso-t i l e Miners
and M i l l e r s

Antho-p h y l l l t eand treMO-l i t e
C h r y s o t i l eanda s i o s l t e

C h r y s o t i l e

1,015 Chryso- C h r y s o t l l et i l e ninersand M i l l e r s

Case series

C r o s s - s e c t i o n a l ;no ex t ernalcontro l s

C r o s s - s e c t i o n a l ;no externalcontro l s

C r o s s - s e c t i o n a l ;no ex t ernalcon tro l s

S O Z P r e v a l e n c e o f p u l m o n n r y f i b r o s l s .
I n c r e a s i n g pr eva l enc e o f a l l chest f l l M
changes w i t h e a p l o y a e n t d u r a t i o n , increa s ingto 90X p r e v a l e n c e at >30 years.
P l e u r a l c a l c i f i c a t i o n observed in per sonsonly s e c ondar i ly exposed to asbestos.Pleura l changes unre la t ed to l u n g cancerM o r t a l i t y .
P l e u r a l c a l c i f i c a t i o n showed increasingpreva l enc e , reaching 57.9% among those w i th40 years since f i r s t exposure . Pleuralf i b r o s l s occurred ear l i er than c a l c i f i -c a t i o n s ; 50X of cases were b i l a t e r a l .
S h o r t n e s s o f br ea th increased w i t he s t i M a t e d c u H u l a t l v e dust exposure,but there was l i t t l e c orre la t i on w i t hbronch i t i s .
F V C b f o u n d t o decrease w i th e s t i m a t e dcumula t iv e dus t exposure in smokeraand nonsMokers . Same t r end s seenin F E V ^ . c Obs truc t ive impairment seenin h i g h exposure group. Few t r end s ind i f f u s i n g c a p a c i t y .

S e l l k o f f e£ a l . , 196S

K l v l l u o t o ,
1960, 1965, 1979

S e l l k o f f , 1965

M c D o n a l d e£ aj . . , 1972

Becklake et a l . , 1972

vou>

• A d a p t e d f r o M DeMcnt e t a l . , In pres s .bpvC • Forced vi tal c a p a c i t y , the mai lmum t o t a l volune of air tha t can be e x p i r e d in one breath.c F E V i • F o r c e d e x p i r a t o r y volune, the maximum volume of air tha t can be e xp i r ed in one second.N o t e : Both FVC and FEVj are Measures of lung f u n c t i o n .



T a b l e E - 2 ( c o n t . )

S t u d yP o p u l a t i o n F i b e rT y p e a S t u d yD e s i g n
5,083 Miners C h r y a o t i l eandmi H e r aw i t h cheat

f i l m s
267 Miner* C h r y a o t i l e

and mi H e r awith cheatf i l m a

100 A s b e s t o st e x t i l eworkers

290 Aabea toat e x t i l eworkera
1,287 Aabea-toa tex-t i l eworkera

Unknown

Mixed

Mixed

M o r t a l i t y
f o l l o w - u p

P r o s p e c t i v ef o l l o w - u p

C r o s s - s e c t i o n a l ;no ex t ernal
con tro l s

C r o s a - a e c t i o n a l ;no e x t e rna lcontro l s
C r o s a - a e c t i o n a l ;no e x t e r n a l

c o n t r o l s

Summary o f I m p o r t a n t F i n d i n g s
I n c r e a s e d m o r t a l i t y observed f o r tho s e
w i t h p a r e n c h y m a 1 change s but not in tho s e
w i t h o n l y p l e u r a l change s ; 32 d e a t h s
observed d u e t o a l l r e s p i r a t o r y d i s e a s e
vs. e ight e x p e c t e d .
During 20-year p e r i o d , th e f o l l o w i n g
c u m u l a t i v e in c id enc e was r e p o r t e d :
smal l o p a c i t i e s , 1 6 Z ; p l e u r a l t h i c k e n i n g ,
5 . 3 t ; p l e u r a l c a l c i f i c a t i o n , 5.3%;o b l i t e r a t i o n o f c o s t o p h r e n i c a n g l e , 7.3Z.
Overa l l prevalence o f f i b r o s i s , 3 6 X ;24X p r e v a l e n c e in nonsmokers
and 40X in smokers. None of the 11nonsmokers w i t h expo sure s l e a s than
20 years had f i b r o s i s .
Basal rale s used as ear ly d i s ease marker;
I X r i sk e s t i m a t e d f o r a working l i f e t i m eof SO yeara at 2 f i b e r s / c m ^ .
Preval ence o f p u l m o n a r y f i b r o s i a was zero for0-9 yeara of e x p o s u r e , but up to 4 0 . S X a f t e r30-39 years o f expo sure . P l e u r a l f i b r o s i s
p r e v a l e n c e waa 1.6X in the 0-9-year g r o u pand SOt in the 40-49-year group .

R e f e r e n c e a
M c D o n a l d et a l . , 1974

L i d d e l l e t a l . , 1977

W e i a s , 1971
vo*•

B r i t i s h Occupa t i ona lH y g i e n e S o c i e t y ,
1968

Lewinaohn, 1972



T a b l e E - 2 ( c o n t . )

S t u d yP o p u l a t i o n
379 A s b e s t o st e x t i l e

worker*

F i b e r T y p e s S t u d y D e s i g n
M i x e d

908 A s b e s t o s - M i x e d
cementworkers

859 A s b e s t o s - M i x e d
cementworkers

98 W o r k e r s
age 40 orover int w o p l a n t s

C h r y s o t i l e
and
amoai t e

P r o s p e c t i v ef o l l o w - u p

C r o s s - s e c t i o n a l ;no e x t e r n a l
c o n t r o l s

C r o s s - s e c t i o n a l ;
no e x t e r n a lc o n t r o l s

C r o s s - s e c t i o n a l ;
no e x t e r n a lc o n t r o l s

Summary o f I m p o r t a n t F i n d i n g s R e f e r e n c e s
" P o s s i b l e " a s b e s t o s i s in 6.6Z o f workers
a f t e r 16 year s o f f o l l o w - u p and an average
e x p o s u r e o f 5 f i b e r s / c m ' . C u m u l a t i v e
e x p o s u r e f o r I X i n c i d e n c e o f " p o s s i b l e
a s b e s t o s i s " for 40 years e m p l o y m e n t
e s t i m a t e d t o b e S S ( f i b e r s / c m 3 ) y r .
O v e r a l l p r e v a l e n c e o f s m a l l , rounded
o p a c i t i e s ( I L O c a t e g o r y , l / 0 d o r g r e a t e r ) w a s
3 . 1 Z ; p r e v a l e n c e o f s m a l l i r r e g u l a r o p a c i t i e s
wa s 2 . 5 Z . Reduced F E V | and o t h e r measures o f
l u n g f u n c t i o n were f o u n d in t ho s e w i t h x-raya b n o r m a l i t i e s .
P r e v a l e n c e o f s m a l l , r o u n d e d , a n d
i r r e g u l a r o p a c i t i e s was 4Z in l o w e s te x p o s u r e g r o u p and 30Z in h i g h e s t .
P l e u r a l c hange s were HZ in l owe s t
e x p o s u r e g r o u p and 302 in h i g h e s t .
F V C a n d F E V j were reduced i n tho s e w i t h
x-ray change s .
P r e v a l e n c e o f p r o f u s i o n ( 1 / 1 I L O ) w a s 1 7 . S Zin c h r y s o t i l e workers and 16.5Z in
m i x e d - f i b e r workers. P l e u r a l t h i c k -
e n i n g p r e v a l e n c e w a s 1 7 . S Z i n c h r y s o t i l e
workers and 3 S . 4 Z in m i x e d - f i b e r workers.
S m o k i n g f o u n d t o b e s i g n i f i c a n t f a c t o r i n
tho s e e x p o s e d t o amo s i t e .

Berry e£ a_l . , 1979

W e i l l e t a l . , 1973

W e i l l e t a l _ . , 1975 K>

H e i s s a n d T h e o d o s ,
1978

d P a r t o f t h e c l a s s i f i c a t i o n sy s t em d e v i s e d b y t h n I n t e r n a t i o n a l Labor O r g a n i z a t i o n ( I L O ) f o r x-ray change s seen
in pneumoconiose s . See S e l i k o f f and Lee , 1978.
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S t u d yP o p u l a t i o n
1.287 MixedA s b e s t o st e x t i l eworkers

485 Miners C h r y s o t i l e
and m i l l e r s

204 A s b e s t o s - M i x e dcementworkers

F i b e r T y p e s S t u d y Design
C r o s s - s e c t i o n a l ;

no external
c o n t r o l s

C r o s s - s e c t i o n a l ;no e x t e rna l
c o n t r o l s

P r o s p e c t i v ef o l l o w - u p ,
1970-1976

H o u s e h o l dc o n t a c t so f f a c t o r yworkers

A m o s i t e C r o s s - s e c t i o n a l ;
age- and sex-
matched
c on t ro l s

Summary o f I m p o r t a n t Findings___________
Preva l enc e o f p u l m o n a r y f i b r o i t i s wa s zero
a f t e r 0-9 years of e xpo sure , and up to40.5Z a f t e r 30-39 years o f e x p o s u r e .
P l e u r a l f i b r o s i s p r e v a l e n c e was 1.6% in
the 0-9-year group and 501 in the 40-49-year group .
Prevalence o f a l l r a d i o g r a p h i c a b n o r m a l i t i e swas lOt . P l e u r a l changes seen in 3Z of allworkers. Preva l enc e o f a b n o r m a l i t i e s amongthose e m p l o y e d l e s s than S years was 5Z; 3Zwere p a r e n c h y m a l change s ( p r o f u s i o n M / 0 ) .
P r o g r e s s i o n o f s m a l l o p a c i t i e s d e p e n d e n t uponbo th average and c u m u l a t i v e e xpoaure . Lungf u n c t i o n d e c l i n e s were as soc iated wi th
smoking and c u m u l a t i v e exposure . P l e u r a la b n o r m a l i t i e s p r o g r e s s e d more as af u n c t i o n o f . t ime with l i t t l e a s s o c i a t i on
w i t h a d d i t i o n a l expo sure .
Prevalence of x-ray a b n o r m a l i t i e s was
35.9%, compared to a 4.6X p r e v a l e n c e in
c on t ro l group. P l e u r a l a b n o r m a l i t i e smore preva l en t than parenchymal changes.

Refer enc e s
Lewinsohn, 1972

S e l i k o f f e£ aU, 1977

J o n e s et a l . , 1980 N>vo

Anderson et a l . , 1979
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S t u d yP o p u l a t i o n F i b e r T y p e s S t u d y Des ign
121 T a l c Antho-minera a n d p h y l l i t e

m i l l e r s and tremo-l i t e

1,801 N i n e r a
and m i l l e r s
w i t h chestx-rays

C r o c i d o l i t e
andamo s i t e

1 1 9 A s b e s t o s M i x e d
workersr e f e r r e d to
Pneumoconio-
s i a M e d i c a lPanel

56 R e t i r e dc h r y a o t i l eminers andm i l l e r s sur-viv ing > 3years

C h r y s o l i t e

C r o s s - s e c t i o n a l ;e x t e r n a l com-
p a r i s o n p o p u -l a t i o n s

C r o s s - s e c t i o n a l ;no e x t e r n a l
c o n t r o l s

P r o s p e c t i v e
f o l l o w - u p

P r o s p e c t i v ef o l l o w - u p

S u m m a r y o f I m p o r t a n t F i n d i n g s
The preva l ence o f p l e u r a l a b n o r m a l i t i e s int a l c workers w i t h more t h a n 15 years e m p l o y -
ment was g r e a t e r t h a n in c o m p a r i s o n p o p u l a -
t i o n s . Decrease s i n F E V j a n d F V C werea s s o c i a t e d w i t h d u r a t i o n o f e m p l o y m e n t a n d
w i t h du s t expo sure .
Prevalence o f p l e u r a l changes increased f r o m2.5Z for workers w i t h l e s s t h a n 1 yeare m p l o y m e n t t o 33.61 f or workers e m p l o y e d
15 or more years. Parenchymal c h a n g e s
( > 1 / 0 I L O ) f o u n d i n 2.3Z o f workera
e m p l o y e d l e s s than 1 year and 26.72 of
workera e m p l o y e d more than 15 years.
O n e - t h i r d o f workers f o l l o w e d f o r 6 years
( 2 / 7 ) showed d i s e a s e p r o g r e s s i o n a f t e r 6years o f f o l l o w - u p and no f u r t h e r a s b e s t o s
e x p o s u r e . P r o g r e s s i o n f r e q u e n c y h i g h e r
among tho s e w i t h p r o f u s i o n > 1 / 1 or 1 /2I L O . Among a l a r g e r s t u d y g r o u p o f 1 2 3
s u b j e c t s w i t h minimal or no pu lmonaryf i b r o a i s , 1 0 s u b j e c t s , o r 8 . I X , d i e d o fo f p l e u r a l m e s o t h e l i o m a d u r i n g f o l l o w - u p .
O f p e r s o n s w i t h abnormal f i l m s ( p r o f u s i o n
> l / 0 I L O ) , 3 9 1 showed progre s s i on a f t e r
an average f o l l o w - u p of 8 years. Of
workers w i th normal i n i t i a l f i l m s , 7.9%d e v e l o p e d r a d i o g r a p h i c changes .

R e f e r e n c e s
Gamble et a l . . 1979

I r w i g t t_ a l . , 1979

roNOG r e g o r et a l . , 1979

Rubino «£ a_l., 1979b
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S t u d y
P o p u l a t i o n
101 S h i p y a r dp i p ecoverersand 95

control s
1,185 Block

nine
worker* in
the Cape
crocido-
l i t enine*—
currentand f ormere m p l o y e e a

185 M a i n t e -
nance
workers in
chemical
p l a n t s a n d
137 oil
r e f i n e r yworkers

F i b e r T y p e s S t u d y Des ign
N i x e d

C r o c i d o l i t e

N i x e d

C r o s s - s e c t i o n a l
with f u r t h e rf o l l o w - u p ;matched
c o n t r o l s

C r o s s - s e c t i o n a l
s t u d y o f radio-
g r a p h i c f i n d -
ings w i t h
f o l l o w - b a c k
f o r l ung
cancer and
m e s o t h e l i o m a

C r o s s - s e c t i o n a l
s t u d i e s o f
r a d i o g r a p h i c
and p u l m o n a r y
f u n c t i o n

Summary o f I m p o r t a n t F i n d i n g s
P r e v a l e n c e o f a s b e s t o s i s 11 t i m e sgreater in exposed than in c o n t r o l s .A s b e s t o s i s e v i d e n t a f t e r c u m u l a t i v e
e x p o s u r e s of 60 m p p c f - y r .

I n t h i s g r o u p w i t h l i m i t e d e x p o s u r e (682
worked 5 years or l e s s , and 69X s t a r t e d
work no more than 20 years a g o ) ; 8.9X
h a d o n l y ca t egory > l / 0 I L O s m a l l
o p a c i t i e s ; 17.71 had p l e u r a l t h i c k e n i n g
or c a l c i f i c a t i o n ; 7.3X had both.

R e f e r e n c e s
N u r p h y e £ a U , 1971,1978

T o l e n t e t a l . , 1980

to\oco

I n chemica l p l a n t workers , there were s m a l l
i r r e g u l a r o p a c i t i e s i n 2 4 X , o n l y p l e u r a lt h i c k e n i n g in 10Z, and on ly c a l c i f i c a t i o n in
4 X , f o r a t o t a l o f 3 8 X w i t h r a d i o g r a p h i c f i n d -
ings c on s i s t en t w i th a s b e s t o s e xpo sure . In o i l
r e f i n e r y workers, 23X had smal l irregularo p a c i t i e s , and more than 25X had evidence of
p l e u r a l t h i c k e n i n g o r c a l c i f i c a t i o n . T h u s ,40X showed rad iograph i c f i n d i n g s consistentw i t h a s b e s t o s expo sure .

L i l i s e t a l . . 1980

« m p p c f - y r:-yr • m i l l i o n p a r t i c l e s per cubic f o o t t imes years worked. It is a measure of cumulat ive exposure.
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S t u d y
P o p u l a t i o n
5 1 3 F a c t o r yworkersw i t h ex-

posure tovermicu l i t ec o n t a m i n a t e d
w i t h tremo-
l i t e

F i b e r T y p e s S t u d y D e s i g n
T r e m o l i t e

266 Current
and f o r m e rra i l r oadworkersw i t h atl ea s t 2
year* ofexposureb e f o r e1950( s t e a m
l o c o m o t i v ee ra)

N i x e d

C r o s s - s e c t i o n a l
s t u d y u t i l i z -i n g s t a n d a r d
A m e r i c a nT h o r a c i cS o c i e t y r e s p i -ratory ques-
t i o n n a i r e , p u l -monary f u n c t i o n
t e s t i n g , andcheat radio-g r a p h y

Cros s-sec t i ona1s t u d y u t i l i z -ing s t a n d a r d -
que s t i onna i r eand chest rad i-
o g r a p h y ( p o s t e -
r i o r - a n t e r i o r ,
r i g h t , a n d l e f t
o b l i q u e s )

S u m m a r y o f I m p o r t a n t F i n d i n g s
In A . 4 1 , t h er e were p l e u r a l o r p a r e n c h y m a l
a b n o r m a l i t i e s ( 2 . 2 t had only c o s t o p h r e n i c
a n g l e b l u n t i n g ) . T h o s e w i t h r a d i o g r a p h i cf i n d i n g s had 3 t ime s t h e f i b e r - y e a r e xpo sure
as matched c o n t r o l s .

R e f e r e n c e s
Lockey e£ a_l., 1982

80t had l e s s than 10 years of a s b e s t o se x p o s u r e . 21 had r a d i o g r a p h i c e v i d e n c e
of a s b e s t o s i s and 20Z had one- or more
p l e u r a l changes.

S e p u l v e d a and .M e r c h a n t , 1983 ro\ovo



A p p e n d i x F
E F F E C T S O F A D M I N I S T E R I N G A S B E S T I F O R M F I B E R S T O A N I M A L S

C o n t e n t s
T a b l e F - l : R e s p i r a t o r y T r a c t T u m o r s i n R o d e n t s a f t e r I n h a l a t i o n

o f A s b e s t o s a n d Other A s b e s t i f o r m F i b e r s
T a b l e F - 2 : T u m o r s i n R o d e n t s A f t e r I n h a l a t i o n o r I n t r a t r a c h e a l

I n s t i l l a t i o n o f A s b e s t o s i n C o m b i n a t i o n w i th Other
C h e m i c a l s

T a b l e F - 3 : M e s o t h e l i o m a s i n R o d e n t s A p p e a r i n g A f t e r I n j e c t i o n
o f A s b e s t i f o r m F i b e r s

T a b l e F - 4 : D e v e l o p m e n t o f F i b r e s i s i n A n i m a l s A f t e r I n h a l a t i o n ,
I n t r a t r a c h e a l I n s t i l l a t i o n , o r P l e u r a l I n j e c t i o n o f
A s b e s t o s a n d o ther A s b e s t i f o r m F i b e r s

The r e f e r e n c e s given on the s e t a b l e s can be f o u n d on the l i s t for
C h a p t e r 6.

300



T A B L E F - l . R e s p i r a t o r y T r a c t T u m o r s I n Rodent s a f t e r I n h a l a t i o n o f A s b e s t o s a n d Other A a b e s t l f o r m F i b e r s

F i b e r T y p e 8

C H , C R , A H

C H , C R , A M

CH. CR, AM

C H , C R , A M

C H , C R , A M

A M , F G ( f i n e ) ,F y b e x ( > 5 » i ml e n g t h ) , P K T

Concen tra t i on( m g / » 3 a l r ) b

10
2, 5

48

SO

48

10

( N o . o f T u m o r s / N o , o f
A n i m a l s ) or I T u m o r s
CH ( 1 5 / 5 0 ) , CR ( 1 / 4 0 ) ,A M ( 2 / 4 3 )
C H ( 9 / 4 2 ) , C R ( 3 / 4 3 ) ,control ( 0 / 2 0 )
C H ( 3 / 5 4 ) , C R ( 7 / 5 0 ) ,

A M ( 3 / 6 1 )

l a t e n c y
A n i m a l ( m o n t h s ) T u m o r T y p e s

C H ( 5 / 4 0 ) , C R ( 2 / 3 1 ) ,AM ( 0 / 4 0 )
C H ( 1 0 4 / 2 8 1 ) , C R ( 5 5 / 1 4 1 ) ,AM ( 3 8 / 1 4 6 ) , control( 7 / 1 2 6 )

Exper iment 1. E x p e r i m e n t 1.A M ( 0 . 3 ) , F C ( 0 . 4 ) , A M ( 3 / 1 6 ) , F C ( 2 / 1 9 ) ,P K T ( 0 . 0 7 ) , P K T ( 0 / 2 0 ) , F y b e x ( 1 / 2 1 )F y b e x (0.08) I n r a t s ; F y b e x ( 1 / 1 2 ) I n
(3 m o n t h s ) hamsters

Exper iment 2.F y b e x (0.04, 0.08,0.37) (3 m o n t h s )
Exper iment 2.F y b e x , 0.08 m g ( 3 / 2 5 ) ,F y b e x , 0.37 mg ( 1 / 1 9 )In r a t s ; F y b e x , 0.08 mg( 1 / 1 3 ) , F y b e x , 0.37 mg

( 2 / 1 6 ) I n hams t er s
Alumina (med. C u m u l a t i v e e xpo sure A l u m i n a " 0/60

l e n g t h , 35-«2 UB; - 7,000 ( a l u m i n a ) ; CH - 5/38d i a m . , 1-5 Urn) 14,000 (CH)
v s . C H ( U I C C )

Rat

Rat

CH ( 3 / 6 9 ) , CR ( 4 / 6 9 ) . RatAM ( 3 / 6 9 ) , control ( 0 / 1 2 )

Rat

Rat

12-29

6-24

24

33

3-24

Rat, 21-27guinea
P i g .hams t er

Rat 21.5

Adenoma, carcinoma,m e a o t h e l l o m a

P a p l l l o n a , carcinoma,f i b r o s a r c o m a ,meso the l i oma
Carc inoma, f i b r o -

sarcoma, meaothel-loma
A d e n o m a , carcinoma

A d e n o m a , carcinoma,m e s o t h e l l o m a

A d e n o m a , carcinoma,m e s o t h e l l o m a

A d e n o m a , squamouac e l l , adenocarci-noma

R e f e r e n c e s
Dtvl s e t . aJL.,

1978

Reeves, 1976

Reeves et a l . ,1974

Reeves et al . ,1971
W a g n e r et a l . ,1974

Lee et a l . ,19(51

U)o

P l g g o t t e t a l . ,1981



T a b l e F-l (cont .)

F i b e r T y p e *
C H , C W , R W ,

CMP
C A S C

Concentrat ion( m g / m 3 air)»
10 (3, 12 m o n t h s )

10 (1 year)

( N o . o f T u n o r s / N o . o fA n i m a l s ) or X T u m o r s A n i m a l
CH ( 1 2 / 4 8 ) , CWRW ( 2 / 4 8 ) , GMF
8/48

( 1 / 4 8 ) , R a t( 1 / 4 8 )
Rat

L a t e n c y( m o n t h s ) T u m o r T y p e s
17-33

12-33

A d e n o m a , adeno-carclnoma
A d e n o m a , carcinoma,

R e f e r e n c e s
W a g n e r et al . ,1982a~~" ~
Davls et al. ,

Pulverizedasbestos p ip e

C H ( U I C C )

I n s u l a t i o n

85 (7 months)

10.9 (2 h o u r s / d a y ,5 d a y / w e e k for95 d a y s )
In shavings for30 days

6 / 3 4 I n ra t s ;0/35 In control s;0 In hamsters
92Z; 10X In control s

5/12; 0 In controls

Rat, 14-29hamster

Mouse

House

12-18

mal ignant h l a t l o - 1982cytoma
Carcinoma

A d e n o c a r c l n o m a ,
meso the l ioma

Bronchogenlc,s e p t a l cell

Leong, 1978

Bozelka et al . ,
1983

H o r r l s o n et al.,1981 u>o10

• CH • chryso t i l e , AM - amoaite , PKT - p i g m e n t a r y po ta s s ium t i t a n a t e , Fybe* - potas s ium o c ta t i t ana t e , FC - f i brou s g la s s ,CASG • ceramic aluminum s i l i ca t e g la s s f i b e r , CW " g la s s wool , RW • rock wool , CNF - m l c r o f l b e r .b Mean airborne mass of f iber s .c Data f r o m S c h e p e r s and Delahant ( 1 9 5 5 ) and S c h e p e r s et al. (1958) on guinea p i g s , ra t s , rabb i t s , and monkeys; Moorman (In p r e s s )on rats and monkeys; and Cross e_t a_l. (1970, 1974) on rata a f t e r expo sure to g l a s s f i b e r s were negat ive and not I n c l u d e d here.



T A B L E F-2. Tuaors i n Rodent s A f t e r I n h a l a t i o n o r I n t r a t r a c h e a l I n s t i l l a t i o n o f A s b e s t o s I n C o m b i n a t i o n w i t h Other C h e m i c a l s

Mode of No. o f T u a o r a / N o . o f Animal s
A d m i n i s t r a t i o n
I n h a l a t i o n

I n t r a t r a c h e a li n s t i l l a t i o n

C h r y s o t l l e
10/41

5 / 5 1

0/46

N D

0/17

0/49

0/10

Agent Alone
0 / 3 9 ( N a O I I ) a

12/51 ( s m o k e )

N D b

8 / 3 7 ( B P )

10/34 ( B P )

0/19 ( B P )

4/10 ( B P )

C o m b i n a t i o n
1 5 / 3 1 ( + N a O H )

9 / 5 1 (+ smoke)

0/16 (+ smoke)0 / 2 1 (+ BP)C

18/35 (+ BP)

24/31 (+ BP)

6 / 1 1 (+ BP m i x e d )6 / 2 1 (+ BP ad-
s o r b e d )

15/10 d (+ BP)

T u m o r T y p e s
Carc inoma, f ibrosarcoma,meaothel loma
A d e n o m a , p a p l l l o m a ,

carcinoma
N D

A d e n o m a , p a p l l l o m a ,carcinoma
A d e n o m a , p a p l l l o m a ,carcinoma
A d e n o m a , carcinoma,r e t l c u l o s a r c o m a ,

m e s o t h e l l o m a
P a p l l l o m a , carcinoma

Animal
Rat

Rat

Rat

H a m s t e r

H a m s t e r

Rat

H a m s t e r

R e f e r e n c e s
Gros s et al. ,1967
Wehner et al. ,1975
S h a b a d et a l . ,1974 ~~

S m i t h et al. ,1968a
S m i t h e t a l . ,1968a g
Pylev andS h a b a d ,

1973
M i l l e r e t a l . ,1965

•Sodium h y d r o x i d e ( N a O H ) w a s i n s t i l l e d i n t r a t r a c h e a l l y .bND " no d e t a i l s given in r e p o r t .CBP • Benzo(a)pyrene .d A n l m a l s d e v e l o p e d m u l t i p l e tumors.



T A B L E F - 3 . M e s o t h e l i o m a a i n R o d e n t s A p p e a r i n g A f t e r I n j e c t i o n o f A a b e a t i f o r m F i b e r a

N o d e o f
A d m i n i s t r a t i o n
I n t r a p l e u r a l orI n t r a t h o r a c i c

Doae (mg)
40, 1 t ineCR - I, 10, 40on g l a s sp l e d g e t

on g l a a a
p l e d g e t

40, 1 t ime

40, 1 time

20, I t i m e

0.5, 1, 2, 4, 8
( S F C H , C R ) ;re s t , 20, 1 t ime

20, 1 t ime

( N o . o f T u m o r s / N o , o f A n i m a l s ) o r Z
T u m o r s , b y F i b e r 8 Exposure______ A n i m a l
C H ( 1 5 / 3 0 ) , A M ( 1 5 / 3 0 ) , C R ( 1 4 / 3 0 ) , R a t

m i l l e d CR ( 8 / 3 0 ) , FG (1-25 urn
d i a m . , 1 / 3 0 ) , F G (0.06-3 I ' m d i a m . ,
4/60, CR (at 1 mg, 2/40; at 10 mg,
1 1 / 4 0 , p l e d g e t alone ( 0 / 4 0 )

17 s a m p l e s of FG t e s t e d ; Rat
g r e a t e s t tumor i n c i d e n c e
observed for FG >8 Urn l e n g t h ,
< 1 . 5 I ' m d iam.

C R , C H , F G , a luminum o x i d e a l t R a t<5 Urn d i a m . , >50X tumors
M o a t f i b e r a ^0.25 urn d i a m . , >8 pm Rat

l e n g t h were t u m o r i g e n i c , bu t
i n d u c t i o n a l s o observed f o r f i b e r s

f_1.5 pm d i a m . , >4 | im l e n g t h ;
72 e x p e r i m e n t s

A M ( 3 8 / 9 6 ) ; C R ( 6 1 / 9 6 ) ; C H ( 5 5 / 9 6 ) ; R a t
s i l i c a ( 5 0 / 9 6 ) . Tumors were
h i a t i o c y t i c r e t i c u l u m c e l l sarcomas

Doae r e s p o n s e : tumors observed w i t h Rat
S F C H , C H , m i l l e d C H , A M , A N , C R ,bruc i t e ceramic f i b e r , barium
s u l f a t e , F G , g l a a s p o w d e r , a luminum
o x i d e . T u m o r s were induced w i t hn o n f i b r o u s m a t e r i a l s , but more wereseen w i t h f i b e r s > 1 0 p m l e n g t h ,
< 5 pm diam.

TR A ( 0 / 3 1 ) , TR B ( 0 / 4 8 ) , TR C Rat
( 1 4 / 4 7 ) , S F C H ( 2 0 / 3 2 ) . C R ( 2 / 3 2 ) ,
c on t ro l ( 0 / 5 5 )

L a t e n c y
( m o n t h s ) R e f e r e n c e s
12 S t a n t o n and W r e n c h , 1972( e a r l i e s t )

12 S t a n t o n e_t aU, 1977

12 S t a n t o n and L a y a r d , 1978
( e a r l i e s t )
12 S t a n t o n e t al . , 1981 to

12 W a g n e r and Berry, 1969( e a r l i e s t )

11-33 W a g n e r ejt id., 1973

18 W a g n e r £t
(average)

, I 9 8 2 b



T a b l e F - 3 ( c o n t . )

M o d e o f
A d m i n i s t r a t i o n
I n t r a p l e u r a l orI n t r a t h o r a c i c( C o n t . )

Dose ( m g )
20, 1 t i m e

1:15 s u s p e n s i o n
in 1 ml

50, 1 time ( r a t ) ,
25, 1 t ime( h a m s t e r )

20, I t ime

20, 1 t i m e

1, 10, 25

(No. o f T u m o r s / N o , o f A n i m a l s ) o r Z
T u m o r s , by F i b e r * Exposure_______
RW w i t h o u t r e s in ( 2 / 4 8 ) , RW ( 3 / 4 8 ) ,

S W ( 0 / 4 8 ) , G W ( 1 / 4 8 ) , G M F ( 4 / 4 8 )C H ( 6 / 4 8 ) , c o n t r o l ( 0 / 2 4 )
C H ( 3 / 3 4 ) , C R ( 4 / 3 4 ) , A M ( 5 / 3 4 )

C H , A M , C R - a l l h a m m e r - m i l l e d ,
c ompared w i t h m e t a l - f r e e a n dw i t h hea t ed s a m p l e s . O n l y
h e a t i n g d i m i n i s h e d tumors .
F e w e r a n d d i f f e r e n t tumor t y p e s
w i t h h a m s t e r

C H ( 1 2 / 3 2 ) ; l e a c h e d ( <50Z i n i t i a lM g * * ) , ( 1 3 / 3 2 ) ; l e a ch ed (<90Z
i n i t i a l M g * * ) , ( 2 / 3 2 )

C H ( 4 5 * ) ; l e a c h e d ( 0 - 3 Z ) ; C R ( 5 4 Z ) ;
J M 1 0 4 F G ( 1 3 Z ) . Leached f i b e r s
were s h o r t e r , t h i c k e r , and there
were f e w e r per uni t w e i g h t

CR at I mg ( 2 / 5 0 ) , CR at 10 mg
( 1 0 / 5 0 ) , AM at 10 mg ( 3 / 5 0 ) ,

CH at 1 mg ( 0 / 5 0 ) , CH at 10 mg
( 4 / 5 0 ) , CH at 25 mg ( 9 / 5 0 ) ,

AM at I mg ( 0 / 5 0 ) , AM at 10 mg
( 4 / 5 0 ) , t a l c at 25 mg ( 0 / 5 0 ) ,c o n t r o l ( 0 / 1 0 0 ) , m i l l e d C H a t
25 mg (<0.37 |im l e n g t h , <0.07 urn
d i a m . , 0 / 1 5 0 ) , f i b r o u s n e m a l i t e
at 25 mg ( 0 / 5 0 ) , s i l i c o n d i o x i d e
at 10 mg ( 4 / 4 0 ) , FG (50 urn d i a m . ,
0 / 5 0 )

L a t e n c y
A n i m a l ( m o n t h s ) R e f e r e n c e s
Rat

Rat

N D b W a g n e r e t a l . , 1982a

13-20 Donna, 1970

Rat, 13 vs Gros s and H a r l e y , 1973
h a m s t e r 7.75( e a r l i e s t )

Rat 23 M o r g a n et a l . , 1977( a v e r a g e )
u>otn

Rat 10-19 M o n c h a u x et a_l., 1981

H a m s t e r 5 S m i t h a n d H u b e r t , 1974
( e a r l i e s t )



T a b l e F - 3 ( c e n t . )

H o d e o fA d m i n i s t r a t i o n
I n t r a p l e u r a l orI n t r a t h o r a c i c( c o n t . )

Dose (eg)
25, 1 time

25, 1 time

I n t r a p e r i t o n e a l 10, 1 time

50, 1 time

25, 3 t imes

25. 4 times

25, 3-4 times

6.25, 25,
100 (1 t i m e )

( N o . o f T u m o r s / N o , o f A n i m a l s ) o r X
T u m o r s by F i b e r 8 Exposure________
G r o u p 1: FG 0.1 pm d l a m . , 82X>20 pa l e n g t h ( 5 / 6 0 ) ; G r o u p 2:FC (0.3 pa d l a m . , 46X >20 pa l e n g t h( 2 / 6 0 ) ; G r o u p 3: FG (1.23 pa

d l a m . , 34X >20 pa ( 2 / 6 0 ) . N o n e
In three g r o u p s o f FG where 2%>10 pa l e n g t h .

C A S G , m a j o r i t y w a s p a r t l c u l a t e
( 3 / 3 2 )

C H ( 5 0 X ) , e r l o n l t e ( 6 0 X ) , n o n f l b r o u saorden i t e ( 0 )
CH ( 0 / 3 0 ) , CR ( 4 / 3 0 ) , AH ( 2 / 3 0 ) ;a l l a l l i e d < 1 p a l e n g t h ( 0 / 3 0 )
A t t a p u l g i t e ( 2 4 / 3 4 )

C H ( 4 0 X ) , m i l l e d C H ( 4 0 Z )

C H ( 3 7 . 5 X ) , F G ( 5 7 . 5 X ) ,
n e m a l l t e ( 6 2 . S X ) , a t t a p u l g l t e( 6 5 X ) , g y p s u m ( 5 X ) . N o n f l b r o u s
a n a l o g s d id no t I n d u c e t umor s;g y p s u m d i s s o l v e d r a p i d l y I n
t i s sue s

CH at 6.25 mg ( 1 7 / 4 0 ) , CH at 25 ag
( 1 9 / 4 0 ) , CH at 100 ag ( 1 6 / 4 0 ) ;
1 0 0 a g , b r u c l t e > F G > C H

Animal
H a m s t e r

Rat

H o u s e

Rat

Rat

Rat

Rat

Rat

L a t e n c y
( m o n t h s ) References_____.....
G r o u p 1: S m i t h et a l . , 1980b9.5 ~~G r o u p 2:13.5G r o u p 3:17.8

12-33 Davl s et a l . , 1982

CH ( 9 - 1 6 ) S u z u k i , 1982
ER ( 8 - 2 2 )
12 K l o s t e r k o t t e r and Robock, o( a v e r a g e ) 1970 ° *
PA P o t t et a l . , 1976(aean •12
CH - 7 P o t t et a l . , 1972
a l l i e dCH - 13( e a r l i e s t )
6 . 5 - 1 2 Pot t et al . , 1974

17 P o t t and F r l e d r l c h s , 1972



T a b l e F - 3 ( c o n t . )

M o d e o f
A d m i n i s t r a t i o n Dose ( m g )
I n t r a p e r i t o n e a l 0.5, 2, 5, 10( c o n t . )

( N o . o f T u m o r s / N o , o f A n i m a l s ) o r XT u m o r s by F i b e r * Exposure_______ A n i m a l
D i v e r s i t y o f m inera l f i b e r s .̂20 J i m R a t

d i a m . , <0.25 vm l e n g t h ; GF
i n d u c t i o n o f tumors reduced w i t h
h y d r o g e n c h l o r i d e a n d N a O H t r e a t m e n t

L a t e n c y
( m o n t h s ) R e f e r e n c e s
N D P o t t et a l . , 1982

S u b c u t a n e o u s
I n j e c t i o n

60 d i v i d e d
doses

C o n t r o l s ( 0 / 1 5 ) ; e x t r a c t e d C R ( 1 / 1 A ) M o u s e
a n d A M ( 1 / 1 5 ) ; C R ( 6 / 1 7 ) , A M ( 7 / 1 3 ) ,
C H ( 2 / 1 2 )

10 Roe ct a l . , 1967( e a r l i e s t )

• CH - c h r y s o t i l e , CR » c r o c i d o l i t e , AM - amo s i t e , FC " f i b r o u s g l a s s , CASG • ceramic aluminum s i l i c a t e g l a s s f i b e r ,
GF " g l a s s f i b e r , SFCH " s u p e r f i n e c h r y s o t i l e . RW - rock woo l , SW - s l a g w o o l , GW - g l a s s woo l , GMF - g l a s s
m i c r o f i b e r s , TR A - t r e m o l i t e ( s m a l l number of f i b e r s >8 urn l e n g t h , <1.5 urn d i a m ) , TR B - t r e m o l i t e (no f i b e r s
>B \m l e n g t h , <1.5 |im d i a m . ) , TR C * t r e m o l i t e ( g r e a t e r number of f i b e r s >8 ym l e n g t h , <1.5 gm d i a m . ) .

b NO « No d e t a i l s g iven in r e p o r t .

u>o



T A B L E F - 4 . D e v e l o p m e n t o f F i b r o s i s I n A n i m a l s A f t e r I n h a l a t i o n , I n t r a t r a c h c a l I n s t i l l a t i o n ,
o r P l c u r . i l I n j e c t i o n o f A s b e s t o s a n d o th e r A s b e f l t i f o r m F i b e r s

M o d e o f
A d m i n i s t r a t i o n
I n h a l a t i o n

I n h a l a t i o n ,i n s t i l l a t i o n
I n h a l a t i o n ,i n j e c t i o n

I n h a l a t i o n

I n t r a p l e u r a l

I n h a l a t i o n

I n h a l a t i o n

Combinedi n h a l a t i o nandi n s t i l l a t i o n
I n h a l a t i o n

F i b e r C o n c e n t r a t i o n
T y p e 8 ( m g / m ' ) ) ' >

Long C H . b a l l - N D C

m i l l e d C H
GW 20-50 urn l e n g t h NDand short f i b e r a
C H , C R , A N , A H , N D

TR, b r u c i t e , <3 years
a l l l o n g
(20-50 urn) vs.
short ( <5 u r n )

CH 86 ( a v e r a g e )
CH ( u n t r e a t e d , at 10

600, 600, 800,a n d 1 , 0 0 0 ° C ) ;
auto brake-
l i n i n g d u s t

CASG 10 ( 1 y e a r )
CH, CR, AH 10

FG 100
(0.5 I ' m d iam. , 2 4 months
5-20 M ml e n g t h )

CH, CR, AH 50

L a t e n c y
A n i m a l ( m o n t h s )
R . i t , g u i n e a N D

p i g , rabb i t N D
G u i n e a p i g N D

R a t , gu inea 1 6 ( g u i n e a p i g )
p i g , mouse, 1 4 ( c a t )
c a t , d o g

R a t N D

H o u s e 6 month s

Rat 6-32

Rat 24

R a t , N o t a p p l i c a b l e
h a m s t e r

R a t , g u i n e a N D
p i g , mouse

O b s e r v a t i o n s
F i b r o u s r e a c t i o n ( N D ) more

p r o n o u n c e d w i t h l o n g f i b e r
N o f i b r o s i s

F i b r o u s r e a c t i o n ; g u i n e a
pig > r a b b i t - c a t - r a t >
mouse and dog . Long CR
f i b e r s : f i b r o s i s ; l o n gAM, CR, b r u c i t e •» p e r i -
b r o n c h i o l i t i s ; l o n g TR •*
b r o n c h i o l a r f i b r o s i s ;
AN •* no f i b r o s i s ; no
f i b r o s i s w i t h short f i b e r s

H u l t i f o c a l f i b r o a i s

F i b r o a i s r e l a t e d i n v e r s e l y t oh e a t i n g ; auto du s t -* l i t t l e
f i b r o s i s

A l v e o l i t i s , then P t F d

P I F w i t h C H
( l o n g e r f i b e r s )

H i I d macrophage i n f i l t r a t i o n
w i t h o u t f i b r o a i s

H u l t i f o c a l f i b r o s i s ; mice d i dno t d e v e l o p w i t h CH e x p o s u r e

R e f e r e n c e s
G a r d n e r , 1942

S c h e p e r a andD e l a h a n t , 1955
V o r w a l d et al. .

1951

0oo
Gros s et al..1967
D a v i s andC o n i a m i . 1973

Davia et a l . .
1982

D a v i s et al. ,
1978

G r o s s et al. ,1970, 1974

Reeves et a l . .1974



T a b l e F - 4 ( c o n t . )

M o d e o f
A d m i n i s t r a t i o n
Pleura 1

i n j e c t i o n

I n s t i l l a t i o n

I n h a l a t i o n

I n h a l a t i o n

I n h a l a t i o n

I n h a l a t i o n

I n h a l a t i o n

I n t r a p e r i -toneal
I n s t i l l a t i o n

F i b e r
T v p e a

FG

S i z e d C R , C H , F G ,s y n t h e t i c f l u o r o -
anphibo t e

FG ( o n l y 151
g e n e r a l l y <10 urn
l e n g t h )

A H , F G ( f i n e ) ,
F y b e x , P K T

CH A, CH B, CR,
A M , A N

C H , C W , R W , G M F

A l u m i n a
( S a f f i l )

E r i o n i t e ,
m o r d e n i t e

CH

C o n c e n t r a t i o n L a t e n c y
( m g / m ' ) b A n i m a l ( m o n t h g )
NO H o u s e KD

3-25, G u i n e a pig 26
2-6 t i m e s

42, 6 hour*/ R a t , h a m s t e r , 3
d a y , 5 d a y / gu inea p i g
week f o r
90 d a y s

I " 0.039, R a t , hams t e r , 18-27
0.082, g u i n e a p i g
0.37

I I " 0.079
10 Rat 21

10 Rat 3 ( e a r l i e s t )
(3 and 12
m o n t h s )

C u m u l a t i v e Rat NO
e x p o s u r e ,
7,000 m g / m 3 ,
35 hour/
week for86 weeks

10 M o u s e 4-7

2, 128 S h e e p 12

O b s e r v a t i o n s
F i b e r s >5 um caused adhe s i on sbe tween ches t w a l l a n d l u n g ;

f i b e r s <5 pm p r o d u c e d f o c a l
g r a n u l o m a s

M i n i m a l p e r i b r o n c h i o l a r f i b r o -
s i s o n l y w i t h f i b e r s >10 urn
l e n g t h

A l v e o l a r p r o t e i n o s i a d i s a p p e a r -
ing at 1 year

P I F i n rat s r e l a t e d t o d o sag e ,l e s s p r o m i n e n t i n g u i n e a p i g
and hamster. AM > F y b e x >PKT;
FG not f i b r o g e n i c

CH A " AN >CH B • CR > A M .W i d e s p r e a d P I F
CH >CHF >RW > G W ; s e v e r i t yincreas ing vi th t ime

H o f i b r o s i s , a l t h o u g h observedwi th Rhode s ian c h r y s o t i l e

F i b r o s i s more severe w i t h
e r i o n i t e

A l v e o l i t i s at 128 mg

R e f e r e n c e s
Davis. 1976

K u s e h n e r and
W r i g h t , 1976

Lee et a_l. , 1979

Lee et at. , 1981 wO\o

W a g n e r et at. ,
1974

W a g n e r et al. ,1982a

P i g g o t t e t a l . ,1981

S u t u k i e t a l . ,
1980

Begin et a l . ,1982~



T a b l e F - 4 ( c o n t . )

N o d e o f F i b e r
A d m i n i s t r a t i o n T y p e "
I n h a l a t i o n

I n h a l a t i o n

PC (-0.45 pm diam. ,
some >10 urn)

PC 4-6 un d iam. ,>20 urn l e n g t h ;

C o n c e n t r a t i o n L a t e n c y
( m g / m 3 ) b A n i m a l ( m o n t h s ) O b s e r v a t i o n s
0.3, 3 H a m s t e r , rat ND No f i b r o s i s

NO

5 , I S , f o r M o n k e y , r a t N o f i b r o s i s
18 and 20
month*

R e f e r e n c e s
S m i t h et a l . ,

19B2

Moorman, inp r e s s

I n h a l a t i o n

0.05-3.5 \m
d i a m . , >10 gm
l e n g t h ; <3.5 umd i a m . , >10 and<10 |im l e n g t h

CH

I n t r a t r a c h e a l T i P

10.9, 2 hour s / Mous e
d a y , 5 d a y s /week for75 d a y s

2, 10, 50
• n g / k g , I
t ime

12

Rat, hamster 17

D i f f u s e f o c a l i n t e r s t i t i a l
f i b r o s i s

N o d u l a r f i b r o s i s in rat s at10 and 50 mg; no f i b r o a i s
in hams t er s

B o c e l k a et a l . ,in p r e s s

Cross et a l . ,1977

u>t-'o

• C H " c h r y s o t i l e ; C R " c r o c i d o l i t e ; A N • a n t h o p h y l l i t e ; A M - a m o s i t e ; F G - f i b r o u s g l a s s ; F y b e x " p o t a s s i u m o c t a t i t a n a t e ;
PUT " p i g m e n t a r y p o t a s s i u m t i t a n a t e ; TR - t r e m o l i t e ; GW " g l a s a w o o l ; CASC - ceramic aluminum s i l i c a t e g l a s s ; CM A • UICC
c h r y s o t i l e A ; C H B - U I C C c h r y s o t i l e B ; T i P " t i t a n i u m p h o s p h a t e .b A p p l i e s t o i n h a l a t i o n expo sure s . Dose e x p r e s s e d d i f f e r e n t l y f o r other t y p e s o f e xpo sure .

* ND « No d e t a i l s given in r e p o r t .d P I P " p u l m o n a r y i n t e r s t i t i a l f i b r o s i s .



A p p e n d i x G
D E V E L O P M E N T O F S O M E E Q U A T I O N S U S E D F O R

Q U A N T I T A T I V E R I S K A S S E S S M E N T

T h i s a p p e n d i x d e v e l o p s t h e equat ions neces sary f o r arriving a t t h e
c o h o r t - s p e c i f i c a d j u s t m e n t t o c a l c u l a t e c i n e q u a t i o n ( 1 2 ) o f C h a p t e r 7
f r o m the v a l u e s o f the c o n s t a n t b in T a b l e 7-1. The method o f
c a l c u l a t i n g the r i sk o f m e s o t h e l i o m a m o r t a l i t y a t age t f or an e x p o s u r e
s t a r t i n g at age IQ i s a l s o given. In a d d i t i o n , j u s t i f i c a t i o n i sp r o v i d e d for the c a l c u l a t i o n s in C h a p t e r 7 t ha t are used to d e t e r m i n e the
c o n t r i b u t i o n t o l i f e t i m e risk r e s u l t i n g f r o m a n e x p o s u r e b e g i n n i n g a tto-

T o b e g i n , t h e i n s t a n t a n e o u s m o r t a l i t y ( o r h a z a r d ) f u n c t i o n a t a g e u
for an e x p o s u r e of do s e l ev e l D incurred at age v i s d e f i n e d as f o l l o w s :

i ( u , v , D ) = a D ( u - v ) f c ~ 2 , u > _ v , ( G l )
where a ^ 0 and k >_ 2 are s p e c i f i e d c o n s t a n t s . D is the c o n s t a n t
expo sure l evel ( c o n c e n t r a t i o n ) over the p er i od of expo sure . By c o n t r a s t ,
d in C h a p t e r 7 and l a t e r in t h i s a p p e n d i x is the e q u i v a l e n t average
con t inuou s e x p o s u r e l eve l f r o m time o f f i r s t e x p o s u r e u n t i l t h e t ime t h a t
a l l e x p o s u r e ceases. I t w i l l become a p p a r e n t f r o m t h e f o l l o w i n g
d e v e l o p m e n t tha t t h i s e q u a t i o n f o r t h e i n s t a n t a n e o u s hazard f r o m a b r i e f
cons tant exposure was s e l e c t e d to be c o n s i s t e n t w i t h equat ion 7 in
C h a p t e r 7 . T h e hazard f u n c t i o n i ( u , v , D ) means tha t t h e p r o b a b i l i t y o fd e a t h in the shor t time interval ( u , u + Au) of l e n g t h u f r o m an e x p o s u r e
to do s e D at p r i o r time v is given by i ( u , v , D ) ( A u ) . If t h i s i s the c a s e ,
then th e c u m u l a t i v e m o r t a l i t y ( i . e . , c u m u l a t i v e h a z a r d ) up t o t ime t f r o m
the exposure D s t a r t i n g at time v is given by

tl ( t , v , D ) - / i ( u , v , D ) d u ( G 2 )
v

= sum of i n s t a n t a n e o u s h a z a r d s f r o m time v to t.
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Now c o n s i d e r the case of a cont inuous expo sure of l e n g t h £ s t a r t i n g

at tg, where exposure occurs during the time interval f r o m tQ to
to + &• If o n e now c a l c u l a t e s the cumula t iv e m o r t a l i t y ( h a z a r d ) at age
t, it becomes

K t . t g , £ , D ) = / * 0 + * l ( t , v , D ) d v ( G 3 ) ,tO
« / ' 0 * £ / t i ( u , v , D ) d u d vC0 v

= sum of the i n s t a n t a n e o u s hazard s of all u and
v so that v <^u ^t and tg ^v f . t g + £ •

U s i n g i ( u , v , D ) as given in equat ion ( G l ) , one can c a l c u l a t e the i n t e g r a l s
in e q u a t i o n (G3) a s f o l l o w s :

l ( t , t g , £ , D ) = b ( t - t 0 ) k , ( G 4 )
w i t h

b = c D { l - [ l - £ / ( t - t g ) ] k } , ( G 5 )
where c = a / k ( k - l ) .

N o t e that e q u a t i o n (GA) is in the f o r m given by P e t o e£ aK ( 1 9 8 2 ) ,
who e s t i m a t e d k as 3.2. The c o r r e s p o n d i n g values of b for various worker
c o h o r t s are given in T a b l e 7-1. Equa t i on (G5) give s the correc t i on termto ob ta in c in equat ion ( 1 2 ) with d •= ( 0 . 2 1 9 ) D * D / A . 5 6 . The choice of
d = ( 0 . 2 1 9 ) D i s j u s t i f i e d a s f o l l o w s : equa t i on s ( G l ) , ( G A ) , a n d ( 6 5 ) a l lassume a cont inuous d a i l y e xpo sure to do s e D. A s s u m i n g a worker ise m p l o y e d 240 days per year at 8 hours per d a y , a rough e s t i m a t e of acont inuous 24-hour exposure to dose d based on an 8-hour workday expo sure
D is given by d * ( 0 . 2 1 9 ) D , since

0.219 - 8 * 2 4 0

24 x 365 *
Equation ( 1 2 ) in C h a p t e r 7 is based on th i s a d j u s t m e n t to convert workday8-hour expo sure s to d a i l y 24-hour expo sur e s a l o n g wi th the a d j u s t m e n tshown in equation (G5) for a p a r t i a l exposure of l e n g t h £ f rom tg to
tg + i , as compared to a continuous e xpo sur e tg to t, i.e., ofdura t i on (t - t g ) . If £ « t - tg, equat ion ( G 4 ) can be s i m p l i f i e d toequation (7) with D r e p l a c i n g d.

Equat ions ( 6 4 ) and (G5) al so provide the framework for the riska s s e s s m e n t s in C h a p t e r 7, which are based on p a r t i a l expo sure s at l e v e l s
higher than the assumed environmental level d « 0.002 f i b e r s / c m ^ .
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R E F E R E N C E
P e t o , J . , H . S e i d m a n , a n d I . J . S e l i k o f f . 1982. M e s o t h e l i o o a m o r t a l i t y

in a s b e s t o s workers: I m p l i c a t i o n s for m o d e l s o f carc inogene s i s and risk
a s s e s s m e n t . Br. J. Cancer A 5 : 1 2 4 - 1 3 5 .



A p p e n d i x H
C O M P A R A T I V E R I S K A S S E S S M E N T SCORE S H E E T S

The score sh e e t s on the f o l l o w i n g p a g e s contain the c o m m i t t e e ' s
a s s e s s m e n t s of the c o m p a r a t i v e ri sks po s ed by various combinat ions of
f i b e r t y p e , route o f e x p o s u r e , and h e a l t h e f f e c t s that were no t t r a c t a b l e
for q u a n t i t a t i v e risk a s s e s sment . Each a s s e s sment is made in c ompar i s on
with the "prime ce l l" for c h r y s o t i l e inha la t i on l e a d i n g to lung cancer.
The comparisons are expre s s ed in terms of p o p u l a t i o n risk, which takes
into account recent and p r o j e c t e d expo sure p a t t e r n s f o r th e U . S .p o p u l a t i o n . I n d i v i d u a l ri sks f o r p e r s on s wi th higher than average
e xpo sur e s c ou ld e a s i l y be as great or g r e a t e r than those f r o m modera t eexposures ' t o c h r y s o t i l e . Compara t iv e p o p u l a t i o n risks would change i f
u n a n t i c i p a t e d changes in use l e v e l s or p a t t e r n s a f f e c t e d exposure
d i s t r i b u t i o n s .

The r e s u l t s are e x p r e s s e d in a +/- sy s t em. The 0 means that the
risks (number and severi ty of e f f e c t s ) are about the same as those forthe prime c e l l , + and ++ mean that they are greater or s u b s t a n t i a l l y
g r e a t e r , - and — mean that they are l e s s and much l e s s , and so on. A
b l a n k means that even c o m p a r a t i v e risk a s s e s sment was unt enab l e given thed a t a a v a i l a b l e . T h u s , t h e q u a n t i t a t i v e risk asse s sment s u g g e s t e d thatfor l i f e t i m e exposures to a sbe s to s in ambient air, meso the l ioma risks
could e a s i l y exceed lung cancer risks by more than a f a c t o r of 10, which
would r e su l t in a c o m p a r a t i v e risk score for m e s o t h e l i o m a of ++. W i t hr e sp e c t to the prime c e l l , all comparat ive risks have been j u d g e d to be
e i ther - or —, meaning that they are l e s s or much l e s s impor tan t thanfor the prime c e l l , even though some of the ind i ca tor s of risk arep o s i t i v e or more s t r o n g l y negative.

To d e t ermine the c ompara t iv e risks for each c e l l , the c ommi t t e e
combined scores f or several f a c t o r s r e l a t e d t o th e p o t e n t i a l f or caus ingh e a l t h e f f e c t s ; each was scored by the same +/- s y s t e m for compari sonwith the charac t er i s t i c s of the r e f e r enc e c e l l . The f a c t o r s considered
f e l l under three major categorie s: exposure, b i o d i s p o s i t i o n , and e f f e c t s .

314



315
EXPOSURE

• t o t a l p r o d u c t i o n level ( m e t r i c t o n s / y r ) or s u r r o g a t e measurement
( e . g . , level of occurrence in n a t u r e )

• use p a t t e r n ( e . g . , d i s p e r s i v e or c o n t a i n e d , matrix-bound or
unbound, or a c c i d e n t a l e xpo sure of humans)

• g e o g r a p h i c d i s t r i b u t i o n o f sources
• numbers of e x p o s e d p e o p l e
• t r e n d s in p r o d u c t i o n and use ( e . g . , in c r ea s ing p r o d u c t i o n or

d i v e r s i f i c a t i o n o f u s e )

B I O D I S P O S I T I O N
• f i b e r size ( e . g . , l e n g t h and d i a m e t e r )
• f i b e r m o r p h o l o g y ( e . g . , a spec t r a t i o )
• f i b e r ch emi s t ry
• p e n e t r a t i o n c h a r a c t e r i s t i c s ( e . g . , in lung or other targe t t i s s u e )
• s t a b i l i t y i n t i s s u e ( e . g . , s o l u b i l i t y , g e l l i n g , a n d f i b r i l

f o r m a t i o n )

E F F E C T S
• e p i d e m i o l o g i c a l o b s e rva t i on s

•i
• observations in animal s
• in vitro ob servat ions
• synerg i sm (known or h y p o t h e s i z e d )
• other c o n s i d e r a t i o n s ( e . g . , s u s c e p t i b l e p o p u l a t i o n s or theory of

a c t i o n )
The c o m m i t t e e ' s eva lua t i on s were based on the f o l l o w i n g s cor ingconventions:
0: W i t h i n a f a c t o r of about 2 of the c o r r e s p o n d i n g values for the

prime c e l l (in the sense of its e f f e c t on the t o t a l number and severityof e f f e c t s ) ; for e x a m p l e , i f p r o d u c t i o n were between 0.5 and 2.0 t imesthat of c h r y s o t i l e , the score would be 0.
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+ or -: Between 2 and 10 t ime s the c o r r e s p o n d i n g value or between

0.1 and 0.5 t ines that va lue , r e s p e c t i v e l y .
++ or —: Between 10 and 100 t ime s the c o r r e s p o n d i n g value or

between 0.01 and 0.1 t ime s that value, r e s p e c t i v e l y , and so on*
Blank: A b l a n k entry means that there is no ba s i s for j u d g m e n t ;

in f u r t h e r c o n s i d e r a t i o n s , it is assumed to be equivalent to 0.
The commit tee a l s o a t t e m p t e d to p r o v i d e a sense of the q u a l i t y of

t h e s e j u d g m e n t s . T h e f o l l o w i n g code w a s used f o r t h i s p u r p o s e :
a: r ea sonab l e as surance that c ompara t iv e risk is in the d i r e c t i o n

i n d i c a t e d and a p p r o x i m a t e l y o f the correct m a g n i t u d e ( e . g . , i f the risk
compared w i th the prime c e l l was shown as " — " , then it is p r o b a b l e ,
a l t h o u g h not a s s u r e d , tha t the e f f e c t s are l e s s than 0.1 t imes the
e f f e c t s f o r t h e prime c e l l )

b: comparat ive risk is p r o b a b l y in the d i r e c t i o n i n d i c a t e d , but the
l ev e l is in great doubt

c: c o m p a r a t i v e r i sk i s h i g h l y u n c e r t a i n due to p a u c i t y of
i n f o r m a t i o n ; t h i s d o e s not mean tha t the c o m m i t t e e b e l i e v e s t h a t the
c e l l i s very l i k e l y to p r o v i d e as much risk as the pr ime c e l l , o n l y tha t
there i s l i t t l e i n f o r m a t i o n a s s u r i n g a lower risk
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C O M P A R A T I V E R I S K A S S E S S M E N T SCORE S H E E T

C e l l S c o r e d

S c o r e s Compared
wi th C e l l

C h r y s o t i l e
F i b e r

C h r y s o t i l e
F i b e r

/ GI Cancer
E f f e c t

/ Lung Cancer
E f f e c t

/ I n g e s t ionRoute
/ I n h a l a t i o nRoute

E x p o s u r e S c o r e B i o d i s p o s i t i o n S c o r e E f f e c t s S c o r e

P r o d u c t i o n
U s e P a t t e r n
G e o g r a p h y
P o p u l a t i o n
T r e n d s

F i b e r S i z e
M o r p h o l o g y
C h e m i s t r y
P e n e t r a t i o n
S t a b i l i t y

0 Human S t u d i e s
^MHBH^^W

_0_ Animal S t u d i e s
_ 0 _ I n - V i t r o S t u d i e s
_2_ S y n e r g i s m
0 Other

Overa l l r i sk compared w i th c e l l above
Overa l l risk c o m p a r e d wi th prime c e l l
Q u a l i t y o f c o m p a r a t i v e risk a s s e s s m e n t

Remarks:
Even though a s b e s t o s uses are more l i k e l y to r e su l t in air p o l l u t i o n
than water p o l l u t i o n , c h r y s o t i l e enters the water s u p p l y f r o m naturalas wel l as human sources ( e . g . , a sbe s to s-cement water p i p e ) and thet o t a l number of f i b e r s i n g e s t e d c o u l d be gr ea t er than the number
inhal ed . M o s t i s p r o b a b l y excre ted r a p i d l y , but the amount tha tmoves into the body is not known. Both e p i d e m i o l o g i c a l and animal
s t u d i e s have g e n e r a l l y y i e l d e d "negative" r e s u l t s , but thee p i d e m i o l o g i c a l s t u d i e s have been too in s en s i t i v e to d e t e c tr e l a t i v e l y small e f f e c t s .
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C e l l S c o r e d

S c o r e s Compared
wi th C e l l

C h r y s o t i l e
F i b e r

C h r y s o t i l e ,
F i b e r

/ M e s o t h e l i o m a
E f f e c t

f M e s o t h e l i o m a /
E f f e c t

/ I n g e s t i o n
Route

' I n h a l a t i o n
Route

E x p o s u r e S c o r e B i o d i s p o s i t i o n S c o r e E f f e c t s S c o r e

P r o d u c t i o n
U s e P a t t e r n
Geography
P o p u l a t i o n
T r e n d s

0
0
0
0
0

F i b e r S i z e
M o r p h o l o g y
Chemi s t ry
P e n e t r a t i o n
S t a b i l i t y

0
0

^——^••••M

0••̂••M

•HBV^BWM

0
•MHHBII

Human S t u d i e s
Animal S t u d i e s
I n - V i t r o S t u d i e s
S y n e r g i s m
Other

Overall risk compared wi th c e l l above
Overal l risk compared wi th prime c e l l
Q u a l i t y o f c o m p a r a t i v e risk a s s e s sment

Remarks:
It i s not known whether p e r i t on ea l m e s o t h e l i o m a r e s u l t s f r o m i n g e s t e d
a s b e s t o s , inhaled a s b e s t o s , o r both. What l i t t l e e p i d e m i o l o g i c a li n f o r m a t i o n e x i s t s does not d emons t ra t e an increased me so the l i oma
risk a s s o c ia t ed with ing e s t ed a sb e s t o s . I n g e s t e d a sb e s t o s is morel i k e l y to be excre ted r a p i d l y than is inhaled a sbe s to s .
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C e l l S c o r e d

S c o r e s Compared
wi th C e l l

C r o c i d o l i t e
F i b e r

C h r y s o t i l e
F i b e r

/ Lung Cancer
E f f e c t

/ Lung Cancer
E f f e c t

/ I n h a l a t i o n
Route

/ I n h a l a t i o n
Route

Expo sur e S c o r e B i o d i s p o s i t i o n S c o r e E f f e c t s S c o r e

P r o d u c t i o n
U s e P a t t e r n
G e o g r a p h y
P o p u l a t i o n
T r e n d s

F i b e r S i z e
M o r p h o l o g y
C h e m i s t r y
P e n e t r a t i o n
S t a b i l i t y

0_ Human S t u d i e s _0
I^̂ M^BBV M H B M H M H

+ Animal S t u d i e s _0
M^B^HW •̂ •̂ •î BH

0 I n - V i t r o S t u d i e s _0
•VMMHV MMMM

_+_ S y n e r g i s m _0_
+ Other

Overall risk compared wi th c e l l above
Overall risk compared with prime c e l l
Q u a l i t y o f c o m p a r a t i v e risk a s s e s sment

Remarks:
C r o c i d o l i t e use has been on the d e c l i n e and c o n f i n e d to wel l-contained a p p l i c a t i o n s . In the U n i t e d S t a t e s , i t s u s e i s a l r eady
l e s s than one-tenth that of c h r y s o t i l e , and its occurrence is a l solow wi th r e sp e c t to c h r y s o t i l e . On the other hand, manyi n v e s t i g a t o r s believe that equal exposures to c r o c i d o l i t e andc h r y s o t i l e w i l l r e su l t in more cancer f r o m the f o r m e r , p o s s i b l y f r o mc r o c i d o l i t e ' s g r ea t e r a b i l i t y t o p e n e t r a t e t o th e lung and i t sgreater s t a b i l i t y once there, rather than from a f u n d a m e n t a ld i f f e r e n c e in p o t e n c y at the s i te . T h u s , the lower risk assessmentis due almost e n t i r e l y to much lower l i k e l i h o o d of s i g n i f i c a n tnonoc cupa t i ona l exposures .
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C O M P A R A T I V E R I S K A S S E S S M E N T SCORE S H E E T

C e l l S c o r e d

S c o r e s Compared
wi th C e l l

C r o c i d o l i t eF i b e r
C h r y s o t i l e /

F i b e r

/ M e s o t h e l i o m a
E f f e c t

M e s o t h e l i o m a
E f f e c t

/ I n h a l a t i o nRoute
/ I n h a l a t i o n

Route

E x p o s u r e S j r o r e B i o d i s p o s i t i o n S c o r e E f f e c t s S c o r e

P r o d u c t i o n
U s e P a t t e r n
G e o g r a p h y
P o p u l a t i o n
T r e n d s

F i b e r S i z e
M o r p h o l o g y
Chemi s t ry
P e n e t r a t i o n
S t a b i l i t y

0_ Human S t u d i e s _+
H B H H ^ H H B WHH^BMV

+_ Animal S t u d i e s _0MV^_ — — • — — —

0 I n - V i t r o S t u d i e s _0•V̂ ^̂ ^B •̂••̂•̂

+ ' S y n e r g i s m _0_
+ Other

Overa l l risk compared wi th c e l l above
Overall risk compared with prime c e l l
Q u a l i t y o f c o m p a r a t i v e risk a s s e s sment

Remarks:
As w i th lung cancer, c r o c i d o l i t e a p p e a r s to be more e f f e c t i v e for the
same exposure s , but current lower exposures and decreas ing trends
s i g n i f i c a n t l y reduce t h e risk f o r c r o c i d o l i t e .



321
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C e l l S c o r e d

S c o r e s Compared
w i t h C e l l

Other A s b e s t o s /
F i b e r

C h r y s o t i l e /F i b e r

A l l
E f f e c t

Lung Cancer
E f f e c t

/ Both
Route

/ I n h a l a t i o n
Route

Exposure Score B i o d i s p o s i t i o n S c o r e E f f e c t s Score

Produc t i on
U s e P a t t e r n
G e o g r a p h y
P o p u l a t i o n
T r e n d s

— —
0
0

I___«WM>V*»

F i b e r S i z e
M o r p h o l o g y
Chemi s t ry
P e n e t r a t i o n
S t a b i l i t y

0_ Human S t u d i e s _+
^•MHVHUV VHBBM^BI

0 Animal S t u d i e s 0
•HWHI^MW «••••••

I n - V i t r o S t u d i e s _0
•H^^HM 4 B I H H V H *

_+_ Syne rg ism __
+ Other

Overall risk compared with cell above
Overall risk compared with prime c e l l
Q u a l i t y o f c o m p a r a t i v e risk assessment

Remarks:
M o s t other f o r m s of a s b e s t o s have been shown to cause cancers if
in troduc ed into the lung in s u f f i c i e n t quant i ty . Like c r o c i d o l i t e ,
most amphibo l e s a p p e a r to pene trat e to the lung and remain there moreea s i ly than chryeo t i l e . None of the other asbe s to s f i b e r s are usedto a great extent in commerce, so their exposure p o t e n t i a l is
a s s o c ia t ed wi th their natural occurrence or contaminat ion of otherp r o d u c t s such as t a l c .
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C O M P A R A T I V E R I S K A S S E S S M E N T SCORE S H E E T

C e l l S c o r e d F i b r o u s G l a s s /___Lung Cancer___/ I n h a l a t i o nF i b e r E f f e c t Route
S c o r e s Compared C h r y s o t i l e _ _ _ / _

with C e l l F i b e r
Lung Cancer I n h a l a t i o n

E f f e c t Route

E x p o s u r e S c o r e B i o d i s p o s i t i o n S c o r e E f f e c t s S c o r e

P r o d u c t i o n
U s e P a t t e r n
G e o g r a p h y
P o p u l a t i o n
T r e n d s

+ F i b e r S i z e
+ M o r p h o l o g y
+ C h e m i s t r y

_+_ P e n e t r a t i o n
+_ S t a b i l i t y

Human S t u d i e s
Animal S t u d i e s
I n - V i t r o S t u d i e s
S y n e r g i s m
Other

Overall risk compared with c e l l above

Overall r i sk compared wi th prime c e l l

Q u a l i t y o f c o m p a r a t i v e r i sk a s s e s sment

Remarks:
F i b r o u s g l a s s is p r o d u c e d in large q u a n t i t i e s and is used w i d e l y ,
a l t h o u g h much of it is in f i b e r s l a r g e r than r e s p i r a b l e size* M o s tof the p o p u l a t i o n has o p p o r t u n i t i e s for expo sure , and the t r e n d s aretoward increased p r o d u c t i o n and at l ea s t level p r o d u c t i o n of f i n e
f i b e r . M o s t o f t h e ind i ca t or s f o r b i o l o g i c a l a c t i v i t y po int towardlower risk. Evidence f r o m human s t u d i e s s u g g e s t s lower, a l t h o u g h notne c e s sar i ly zero, risk of lung cancer. The la t ency period may nothave f u l l y e l a p s e d , bu t c o n s i d e r a t i o n s o f f i b e r size d i s t r i b u t i o n s
and the g e l l i n g of g l a s s in t i s s u e a l s o s u g g e s t lower risk. O v e r a l l ,
th e p o p u l a t i o n risk a p p e a r s lower d e s p i t e higher exposure l e v e l s .
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C e l l Scored

S c o r e s Compared
with C e l l

F i b r o u s G l a s s /
F i b e r

C h r y s o t i l e /
F i b e r

M e s o t h e l i o m a
E f f e c t

M e s o t h e l i o m a
E f f e c t

/ I n h a l a t i o nRoute
/ I n h a l a t i o n

Route

Exposure Score B i o d i s p o s i t i o n Score E f f e c t s Score

Produc t ion
U s e P a t t e r n
G e o g r a p h y
P o p u l a t i o n
T r e n d s

•f
+
4-
•f
•f

F i b e r S i z e
M o r p h o l o g y
C h e m i s t r y
P e n e t r a t i o n
S t a b i l i t y

Human S t u d i e s
Animal S t u d i e s
I n - V i t r o S t u d i e s
S y n e r g i s m
Other

Overall risk compared with c e l l above
Overall risk compared with prime c e l l
Q u a l i t y of comparative risk assessment

Remarks:
E p i d e m i o l o g i c a l s tud i e s suggest that the a s s o c ia t i on of a
meso th e l i oma with f i b r o u s g l a s s is weaker than it is for lung cancer,but animal experiments have demonstrated the induction ofmesothel ioma with implanted material.
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C e l l Scored

S c o r e s Compared
with C e l l

A t t a p u l g i t e
F i b e r

C h r y s o t i l e /F i b e r

/ Lung Cancer
E f f e c t

Lung Cancer
E f f e c t

/ I n h a l a t i o n
Route

/ I n h a l a t i o nRoute

E x p o s u r e S c o r e B i o d i s p o s i t l o n S c o r e E f f e c t s S c o r e

P r o d u c t i o n
Use Pat t ern
G e o g r a p h y
P o p u l a t i o n
T r e n d s

F i b e r S i z e
M o r p h o l o g y
Chemis try
Pene tra t i on
S t a b i l i t y

Human S t u d i e s
Animal S t u d i e s
I n - V i t r o S t u d i e s
Synerg i sm
Other

Overal l ri sk compared wi th c e l l above
Overall risk compared wi th prime c e l l
Q u a l i t y o f c o m p a r a t i v e risk as se s sment

Remarks:
E x c e p t f or i t s ex tr emely l o c a l i z e d occurrence, a t t a p u l g i t e i s morel i k e l y to lead to exposures than is chryso t i l e asbestos. The short,
f i n e f i b e r s are a l s o l i k e l y to reach the lung but are clearedr a p i d l y . Evidence is being c o l l e c t e d on a t t a p u l g i t e miners, but no
p o s i t i v e r e s u l t s have been obtained to date . Pos i t iv e animal
evidence s ugge s t ing b i o l o g i c a l a c t iv i ty is sparse. Overal l , the riskis p r o b a b l y l e s s than for c h r y s o t i l e , but the s u p p o r t for that
s ta t ement is weak.
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C e l l Scored

S c o r e s Compared
with C e l l

Mineral Wool /
F i b e r

C h r y s o t i l e /
F i b e r

Lung Cancer
E f f e c t

Lung Cancer
E f f e c t

/ I n h a l a t i o n
Route

/ I n h a l a t i o n
Route

Exposure S c o r e B i o d i s p o s i t i o n Score E f f e c t s S c o r e

P r o d u c t i o n
U s e P a t t e r n
G e o g r a p h y
P o p u l a t i o n
T r e n d s

-
-
0
0
+

F i b e r S i z e
M o r p h o l o g y
C h e m i s t r y
P e n e t r a t i o n
S t a b i l i t y

Human S t u d i e s
Animal S t u d i e s
I n - V i t r o S t u d i e s
S y n e r g i s m
Other

Overal l risk compared wi th c e l l above
Overall risk compared wi th prime c e l l
Q u a l i t y o f c o m p a r a t i v e risk a s s e s sment

Remarks:
Mineral w o o l s — b o t h s l a g wool and rock w o o l — a r e not produc ed in as
high a volume as a s b e s t o s , but nei ther is the ir p r o d u c t i o n on the
dec l ine . T h e y are used somewhat l e s s w i d e l y than a sbe s to s , butp r o b a b l y in f o r m s that are more e a s i l y ob ta inab l e . Average f i b e rsize is somewhat thicker. S c a n t y r e s u l t s f r o m s t u d i e s inoccupat ional cohorts and animals sugge s t that mineral wool is no morepotent than a s b e s t o s , and p r o b a b l y l e s s .
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C e l l S c o r e d

S c o r e s Compared
with C e l l

Mineral W o o l /F i b e r
C h r y s o t i l e /

F i b e r

M e s o t h e l i o m a /
E f f e c t

M e s o t h e l i o m a /
E f f e c t

I n h a l a t i o n
Route

I n h a l a t i o n
Route

Expo sure S c o r e B i o d i s p o s i t i o n S c o r e E f f e c t s

P r o d u c t i o n
U s e P a t t e r n
G e o g r a p h y
P o p u l a t i o n
T r e n d s

~
-
0
0
•f

F i b e r S i z e
M o r p h o l o g y
C h e m i s t r y
P e n e t r a t i o n
S t a b i l i t y

Human S t u d i e s
Animal S t u d i e s
I n - V i t r o S t u d i e s
S y n e r g i s m
Other

S c o r e

0
0

Overal l risk compared w i t h c e l l above
Overall risk compared wi th prime c e l l
Q u a l i t y o f c o m p a r a t i v e risk a s s e s sment

Remarks:
See remarks for lung cancer on previous page .
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C e l l Scored

S c o r e s Compared
with C e l l

A t t a p u l g i t e /F i b e r
C h r y s o t i l e /

F i b e r

M e s o t h e l i o m a
E f f e c t

M e s o t h e l i o m a /
E f f e c t

/ I n h a l a t i o n
Route

I n h a l a t i o n
Route

Exposure

P r o d u c t i o n
Use P a t t e r n
G e o g r a p h y
P o p u l a t i o n
T r e n d s

Scor e B i o d i s p o s i t i o n S c o r e E f f e c t s S c o r e

F i b e r S i z e
M o r p h o l o g y
C h e m i s t r y
Pene tra t i on
S t a b i l i t y

Human S t u d i e s
Animal S t u d i e s
I n - V i t r o S t u d i e s
S y n e r g i s m
Other

Overall risk compared with c e l l above
Overall risk compared wi th prime c e l l
Q u a l i t y o f comparat ive risk a s s e s sment

Remarks:
See remarks for lung cancer on previous p a g e ,
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C e l l Scored

S c o r e s Compared
with C e l l

Ceramic F i b e r /
F i b e r

C h r y s o t i l e /
F i b e r

Lung CancerE f f e c t
Lung Cancer

E f f e c t

/ I n h a l a t i o nRoute
/ I n h a l a t i o n

Route

Exposure Score B i o d i s p o s i t i o n Score E f f e c t s Score

Produc t i on
U s e P a t t e r n
Geography
P o p u l a t i o n
T r e n d s

F i b e r S i z e
M o r p h o l o g y
Chemi s t ry
P e n e t r a t i o n
S t a b i l i t y

J O _ Human S t u d i e s
0 Animal S t u d i e s

•••••̂ •HB

__ I n - V i t r o S t u d i e s
_0_ S y n e r g i s m

Other

Overall risk compared with c e l l above
Overall risk compared with prime c e l l
Q u a l i t y o f c o m p a r a t i v e risk as se s sment

Remarks:
Most of the assessment is based on curtent produc t i on and very
l imi t ed uses. F i b e r s are r e sp irab l e in size but are o f t e n wellcon ta ined , and only a few major sources are l i k e l y to provides i g n i f i c a n t exposures . L i t t l e in f ormat i on is available on b i o l og i ca l
e f f e c t s .
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C e l l S c o r e d

S c o r e s Compared
wi th C e l l

Ceramic F i b e r /
F i b e r

C h r y s o t i l e /
F i b e r

M e s o t h e l i o m a
E f f e c t

M e s o t h e l i o m a
E f f e c t

/ I n h a l a t i o n
Route

/ I n h a l a t i o n
Route

Exposure

P r o d u c t i o n
U s e P a t t e r n
G e o g r a p h y
P o p u l a t i o n
T r e n d s

Score B i o d i s p o s i t i o n Score E f f e c t s S c o r e

F i b e r S i z e
M o r p h o l o g y
C h e m i s t r y
P e n e t r a t i o n
S t a b i l i t y

Q Human S t u d i e s
J } _ Animal S t u d i e s
_ _ _ I n - V i t r o S t u d i e s
_0_ S y n e r g i s m

Other

Overal l risk compared wi th c e l l above
Overall risk compared with prime c e l l
Q u a l i t y o f comparat ive risk as se s sment

Remarks:
See remarks on previous page.
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C O M P A R A T I V E R I S K A S S E S S M E N T SCORE S H E E T

C e l l S c o r e d

S c o r e s Compared
wi th C e l l

Carbon F i b e r / Lung Cancer I n h a l a t i o n
F i b e r

C h r y s o t i l e
F i b e r

E f f e c t
Lung Cancer

E f f e c t

Route
I n h a l a t i o n

Route

Exposure Score B i o d i s p o s i t i o n S c o r e E f f e c t s Score

P r o d u c t i o n
U s e P a t t e r n
G e o g r a p h y
P o p u l a t i o n
T r e n d s

^~ F i b e r S i z e
_ - M o r p h o l o g y
____ C h e m i s t r y

- P e n e t r a t i o n
_j»;t^L_ S t a b i l i t y

0
0

0

Human S t u d i e s
Animal S t u d i e s
I n - V i t r o S t u d i e s
S y n e rg ism
Other

Overall risk compared wi th ce l l above
Overall risk compared with prime c e l l
Q u a l i t y o f c o m p a r a t i v e risk a s s e s smen t

Remarks:
A s s e s s m e n t i s based a l m o s t e n t i r e l y on c o n s i d e r a t i o n of the c u r r e n t l y
low expo sure l e v e l s .
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C O M P A R A T I V E R I S K A S S E S S M E N T SCORE S H E E T

C e l l S c o r e d

S c o r e s Compared
wi th C e l l

Carbon F i b e r
F i b e r

C h r y s o t i l e
F i b e r

/ M e s o t h e l i o m a
E f f e c t

/ M e s o t h e l i o m a
E f f e c t

/ I n h a l a t i o n
Route

/ I n h a l a t i o n
Route

E x p o s u r e

P r o d u c t i o n
U s e P a t t e r n
G e o g r a p h y
P o p u l a t i o n
T r e n d s

Score B i o d i s p o s i t i o n S c o r e E f f e c t s Score

F i b e r S i z e
M o r p h o l o g y
C h e m i s t r y
P e n e t r a t i o n
S t a b i l i t y

0•»••••«

_ 0
•H^B^HH

_ 0

Human S t u d i e s
Animal S t u d i e s
I n - V i t r o S t u d i e s
S y n e r g i s m
Other

Overal l risk compared wi th c e l l above
Overal l risk compared w i th prime c e l l
Q u a l i t y o f c o m p a r a t i v e risk asses sment

Remarks:
See remarks for lung cancer on previous p a g e .
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C a m b r i d g e , M a s s a c h u s e t t s . P r e v i o u s l y , he served as A s s o c i a t eCommis s ioner for Science of the F o o d and Drug A d m i n i s t r a t i o n and
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o f Environmental H e a l t h S c i e n c e s . He has e x t e n s i v e k n o w l e d g e in thef i e l d s o f ri sk a s s e s sment and e x p e r i m e n t a l p a t h o l o g y and has c o n c e n t r a t e d
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H E N R I K H . B E N D I X E N i s P r o f e s s o r o f A n e s t h e s i o l o g y a n d Chairman o f t h e
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PATRICIA A. BUFFLER i s P r o f e s s o r o f E p i d e m i o l o g y and A s s o c i a t e Dean
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S c h o o l o f P u b l i c H e a l t h i n H o u s t o n . H e r research i n t e r e s t s i n c l u d eo c c u p a t i o n a l and environmental e p i d e m i o l o g y , w i t h s p e c i a l emphas i s on
cancer, pu lmonary d i s e a s e s , and r e p r o d u c t i v e d i s o r d e r s . She i s p a s t
Chairman o f t h e A m e r i c a n P u b l i c H e a l t h A s s o c i a t i o n E p i d e m i o l o g y S e c t i o n
and is c u r r e n t l y on the Board of D i r e c t o r s of the Ameri can C o l l e g e of
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government s on s u b j e c t s r e l a t e d t o a s b e s t o s e xpo sure and h e a l t h e f f e c t s .
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T1BOR ZOLTAI has been on the f a c u l t y of the Department of G e o l o g y and
G e o p h y s i c s a t t h e U n i v e r s i t y o f M i n n e s o t a since 1959. His e x p e r t i s e l i e s
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s t ru c tur e and p h y s i c a l p r o p e r t i e s of m i n e r a l s , as we l l as the nature and
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C O M P A R A T I V E R I S K A S S E S S M E N T SCORE S H E E T

C e l l S c o r e d

S c o r e s Compared
wi th C e l l

Other A s b e s t o s /
F i b e r

C h r y s o t i l e /
F i b e r

A l l
E f f e c t

Lung Cancer
E f f e c t

/ BothRoute
/ I n h a l a t i o n

Route

Exposure S c o r e B i o d i s p o s i t i o n S c o r e E f f e c t s Score

P r o d u c t i o n
U s e P a t t e r n
G e o g r a p h y
P o p u l a t i o n
T r e n d s

^M^̂ H^̂ M

0
0

____

F i b e r S i z e
M o r p h o l o g y
C h e m i s t r y
Pene tra t i on
S t a b i l i t y

0 Human S t u d i e sm*«̂ _

0 _ Animal S t u d i e s
^HBIM^B.

I n - V i t r o S t u d i e s
•M^̂ H^B

_+ _ Syne rg ism
•»• Other

0
M H M

0

Overall risk compared with ce l l above
Overall risk compared with prime ce l l
Q u a l i t y o f c o m p a r a t i v e risk as se s sment

Remarks:
M o s t other f o r m s of a s b e s t o s have been shown to cause cancers if
in troduced into the lung in s u f f i c i e n t quan t i ty . Like c r o c i d o l i t e ,
most a m p h i b o l e s a p p e a r to p e n e t r a t e to the lung and remain there moreea s i ly than chryso t i l e . None of the other a sbe s t o s f i b e r s are usedto a great extent in commerce, so their exposure p o t e n t i a l is
as soc iated with their natural occurrence or contaminat ion of otherp r o d u c t s such as t a l c .
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C O M P A R A T I V E R I S K A S S E S S M E N T SCORE S H E E T

C e l l S c o r e d

S c o r e s Compared
with C e l l

F i b r o u s G l a s s /
F i b e r

C h r y s o t i l e /
F i b e r

Lung Cancer
E f f e c t

Lung Cancer /
E f f e c t

/ I n h a l a t i o n
Route

I n h a l a t i o n
Route

Expo sure S c o r e B i o d i s p o s i t i o n S c o r e E f f e c t s S c o r e

P r o d u c t i o n
U s e P a t t e r n
Geography
P o p u l a t i o n
T r e n d s

+ F i b e r S i z e
+ M o r p h o l o g y
+ Chemi s t ry
+ P e n e t r a t i o n•̂̂••••M
* S t a b i l i t y

Human S t u d i e s
Animal S t u d i e s
I n - V i t r o S t u d i e s
S y n e r g i s m
Other

Overal l ri sk compared w i t h c e l l above

Overall risk compared with prime c e l l

Q u a l i t y o f c o m p a r a t i v e risk a s s e s sment

Remarks:
F i b r o u s g l a s s is p r o d u c e d in large q u a n t i t i e s and is used w i d e l y ,
a l though much of it is in f i b e r s larger than r e s p i r a b l e size* Mostof the p o p u l a t i o n has o p p o r t u n i t i e s for e xpo sure , and the t r e n d s are
toward increased p r o d u c t i o n and at l ea s t level p r o d u c t i o n of f i n e
f i b e r . M o s t o f t h e i n d i c a t o r s f o r b i o l o g i c a l a c t i v i t y point towardlower risk. Evidence f r o m human s t u d i e s s u g g e s t s lower, a l t h o u g h notneces sarily zero, risk of lung cancer. The latency period may nothave f u l l y e l a p s e d , b u t c o n s i d e r a t i o n s o f f i b e r size d i s t r i b u t i o n s
and the g e l l i n g of g l a s s in t i s s u e a l s o s u g g e s t lower risk. O v e r a l l ,t h e p o p u l a t i o n risk a p p e a r s lower d e s p i t e h igher exposure l e v e l s .
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C e l l Scor ed

S c o r e s Compared
with C e l l

F i b r o u s G l a s s /F i b e r
C h r y s o t i l e /

F i b e r

M e s o t h e l i o m a
E f f e c t

M e s o t h e l i o m a
E f f e c t

/ I n h a l a t i o nRoute
/ I n h a l a t i o n

Route

Exposure S c o r e B i o d i s p o s i t i o n Score E f f e c t s Score

P r o d u c t i o n
Use P a t t e r n
G e o g r a p h y
P o p u l a t i o n
T r e n d s

F i b e r S i z e
M o r p h o l o g y
Chemi s t ry
P e n e t r a t i o n
S t a b i l i t y

Human S t u d i e s
Animal S t u d i e s
I n - V i t r o S t u d i e s
S y n e r g i s m
Other

Overall risk compared with c e l l above
Overall risk compared with prime c e l l
Q u a l i t y of comparat ive risk asse s sment

Remarks:
E p i d e m i o l o g i c a l s t u d i e s s u g g e s t that the a s s o c i a t i o n of a
meso the l ioma with f i b r o u s g la s s is weaker than it is for lung cancer,
but animal experiments have demonstrated the induct ion ofmeso the l i oma with i m p l a n t e d mater ial .
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C e l l S c o r e d

S c o r e s Compared
w i t h C e l l

A t t a p u l g i t e
F i b e r

C h r y s o t i l e /
F i b e r

/ Lung Cancer
E f f e c t

Lung Cancer
E f f e c t

/ I n h a l a t i o nRoute
/ I n h a l a t i o nRoute

E x p o s u r e S c o r e B i o d i s p o s i t i o n S c o r e E f f e c t s S c o r e

P r o d u c t i o n
U s e P a t t e r n
G e o g r a p h y
P o p u l a t i o n
T r e n d s

F i b e r S i z e
M o r p h o l o g y
C h e m i s t r y
Pene t ra t i on
S t a b i l i t y

Human S t u d i e s
Animal S t u d i e s
I n - V i t r o S t u d i e s
S y n e r g i s m
Other

Overal l risk compared wi th c e l l above
Overall risk compared wi th prime c e l l
Q u a l i t y o f c o m p a r a t i v e risk a s s e s sment

Remarks:
E x c e p t f or i t s e x t r eme ly l o c a l i z e d occurrence, a t t a p u l g i t e i s morel i k e l y to lead to exposures than is c h r y s o t i l e asbestos. The short,f i n e f i b e r s are a l s o l i k e l y to reach the lung but are cleared
r a p i d l y . Evidence is being c o l l e c t e d on a t t a p u l g i t e miners, but nop o s i t i v e r e su l t s have been obtained to date. Pos i t iv e animalevidence s u g g e s t i n g b i o l o g i c a l a c t i v i t y i s spar s e . O v e r a l l , the riskis probab ly l e s s than for c h r y s o t i l e , but the support for that
s ta t ement is weak.
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C e l l Scored

S c o r e s Compared
with C e l l

Minera l Wool /
F i b e r

C h r y s o t i l e /
F i b e r

Lung Cancer
E f f e c t

Lung Cancer
E f f e c t

/ I n h a l a t i o n
Route

/ I n h a l a t i o n
Route

Expo sure Score B i o d i s p o s i t i o n S c o r e E f f e c t s Scor e

Produc t i on
U s e P a t t e r n
G e o g r a p h y
P o p u l a t i o n
T r e n d s

-
-
0
0
•f

F i b e r S i z e
M o r p h o l o g y
C h e m i s t r y
P e n e t r a t i o n
S t a b i l i t y

Human S t u d i e s
Animal S t u d i e s
I n - V i t r o S t u d i e s
S y n e r g i s m
Other

Overall risk compared with c e l l above
Overall risk compared with prime c e l l
Q u a l i t y o f comparat ive risk assessment

Remarks:
Mineral w o o l s — b o t h s l a g wool and rock w o o l — a r e not produced in as
high a volume as a s b e s t o s , but neither is the ir p r o d u c t i o n on the
d e c l i n e . T h e y are used somewhat l e s s w i d e l y than a s b e s t o s , but
probab ly in f orms that are more e a s i l y obtainable . Average f i b e r
size is somewhat thicker. S c a n t y r e s u l t s f r o m s t u d i e s ino c c u p a t i o n a l cohorts and animals s u g g e s t that mineral wool is no morep o t e n t than a s b e s t o s , and p r o b a b l y l e s s .



326
C O M P A R A T I V E R I S K A S S E S S M E N T SCORE S H E E T

C e l l S c o r e d

S c o r e s Compared
wi th C e l l

M i n e r a l W o o l /
F i b e r

C h r y s o t i l e /
F i b e r

M e s o t h e l i o m a /
E f f e c t

M e s o t h e l i o m a /
E f f e c t

I n h a l a t i o n
Route

I n h a l a t i o n
Route

E x p o s u r e S c o r e B i o d i s p o s i t i o n S c o r e E f f e c t s

P r o d u c t i o n
U s e P a t t e r n
G e o g r a p h y
P o p u l a t i o n
T r e n d s

-
-
0
0
+

F i b e r S i z e
M o r p h o l o g y
C h e m i s t r y
P e n e t r a t i o n
S t a b i l i t y

Human S t u d i e s
Animal S t u d i e s
I n - V i t r o S t u d i e s
S y n e r g i s m
Other

S c o r e

0
0

Overal l risk compared w i t h c e l l above
Overall ri sk compared wi th prime c e l l
Q u a l i t y o f comparat ive risk assessment

Remarks:
See remarks for lung cancer on previous page .
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C O M P A R A T I V E R I S K A S S E S S M E N T SCORE S H E E T

C e l l S c o r e d

S c o r e s Compared
with C e l l

A t t a p u l g i t e /F i b e r
C h r y s o t i l e /F i b e r

M e s o t h e l i o m a /
E f f e c t

M e s o t h e l i o m a /
E f f e c t

I n h a l a t i o n
Route

I n h a l a t i o n
Route

Expo sure

P r o d u c t i o n
Use P a t t e r n
G e o g r a p h y
P o p u l a t i o n
T r e n d s

Score B i o d i s p o s i t i o n S c o r e E f f e c t s Score

F i b e r S i z e
M o r p h o l o g y
C h e m i s t r y
P e n e t r a t i o n
S t a b i l i t y

Human S t u d i e s
Animal S t u d i e s
I n - V i t r o S t u d i e s
S y n e r g i s m
Other

Overall risk compared with c e l l above
Overall risk compared with prime c e l l
Q u a l i t y of comparat ive risk asse s sment

Remarks:
See remarks for lung cancer on previous page.
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C O M P A R A T I V E R I S K A S S E S S M E N T SCORE S H E E T

C e l l Scored

S c o r e s Compared
with C e l l

Ceramic F i b e r /
F i b e r

C h r y s o t i l e /
F i b e r

Lung CancerE f f e c t
Lung Cancer

E f f e c t

/ I n h a l a t i o nRoute
/ I n h a l a t i o nRoute

Exposure S c o r e B i o d i s p o e i t i o n Score E f f e c t s Score

P r o d u c t i o n
Use P a t t e r n
G e o g r a p h y
P o p u l a t i o n
T r e n d s

F i b e r S i z e
M o r p h o l o g y
C h e m i s t r y
Pene t ra t i on
S t a b i l i t y

_0_ Human S t u d i e s
0 Animal S t u d i e s

I n - V i t r o S t u d i e s
••«••••»

jO_ S y n e r g i s m
Other

Overall risk compared with c e l l above
Overall risk compared wi th prime c e l l
Q u a l i t y o f comparat ive risk as se s sment

Remarks:
M o s t of the a s s e s sment is based on current p r o d u c t i o n and very
l imi t ed uses. F i b e r s are r e s p i r a b l e in size but are o f t e n we l lc on ta ined , and only a few major sources are l i k e l y to provide
s i g n i f i c a n t exposures. L i t t l e i n f o r m a t i o n is avai lab le on b i o l og i ca l
e f f e c t s .
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C O M P A R A T I V E R I S K A S S E S S M E N T SCORE S H E E T

C e l l S c o r e d

S c o r e s Compared
wi th C e l l

Ceramic F i b e r /
F i b e r

C h r y s o t i l e /
F i b e r

M e s o t h e l i o m a
E f f e c t

M e s o t h e l i o m a
E f f e c t

/ I n h a l a t i o nRoute
/ I n h a l a t i o n

Route

E x p o s u r e

P r o d u c t i o n
U s e P a t t e r n
G e o g r a p h y
P o p u l a t i o n
T r e n d s

S c o r e B i o d i s p o s i t i o n Score E f f e c t s S c o r e

F i b e r S i z e
M o r p h o l o g y
C h e m i s t r y
P e n e t r a t i o n
S t a b i l i t y

_ 0
0

•MBM*̂

0
M«̂ B^

Human S t u d i e s
Animal S t u d i e s
I n - V i t r o S t u d i e s
S y n e r g i s m
Other

Overall risk compared with c e l l above
Overall risk compared with prime c e l l
Q u a l i t y o f c ompara t iv e risk asses sment

Remarks:
See remarks on previous page .
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C O M P A R A T I V E R I S K A S S E S S M E N T SCORE S H E E T

C e l l S c o r e d

S c o r e s Compared
wi th C e l l

Carbon F i b e r /
F i b e r

C h r y s o t i l e /F i b e r

Lung Cancer
E f f e c t

Lung Cancer
E f f e c t

/ I n h a l a t i o nRoute
/ I n h a l a t i o n

Route

E x p o s u r e S c o r e B i o d i s p o s i t i o n S c o r e E f f e c t s Scor e

P r o d u c t i o n
Use P a t t e r n
G e o g r a p h y
P o p u l a t i o n
T r e n d s

F i b e r S i z e
M o r p h o l o g y
C h e m i s t r y
P e n e t r a t i o n
S t a b i l i t y

0 Human S t u d i e s••»••••••
0 Animal S t u d i e s

•••••MM

_ _ I n - V i t r o S t u d i e s
_0_ S y n e r g i s m

Other

Overall risk compared with ce l l above
Overal l risk compared wi th prime c e l l
Q u a l i t y o f c o m p a r a t i v e risk a s s e s sment

Remarks:
A s s e s s m e n t i s based a l m o s t e n t i r e l y on c o n s i d e r a t i o n of the c u r r e n t l y
l ow exposure l e v e l s .
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C O M P A R A T I V E R I S K ' A S S E S S M E N T SCORE S H E E T

C e l l S c o r e d

S c o r e s Compared
wi th C e l l

Carbon F i b e r
F i b e r

C h r y s o t i l e
F i b e r

/ M e s o t h e l l o m a
E f f e c t

/ M e s o t h e l l o m a
E f f e c t

/ I n h a l a t i o n
Route

/ I n h a l a t i o n
Route

Expo sure

Produc t ion
U s e P a t t e r n
G e o g r a p h y
P o p u l a t i o n
T r e n d s

S c o r e B i o d i s p o s i t i o n S c o r e E f f e c t s S c o r e

F i b e r S i z e
M o r p h o l o g y
C h e m i s t r y
P e n e t r a t i o n
S t a b i l i t y

_0_ Human S t u d i e s
0 Animal S t u d i e s

I n - V i t r o S t u d i e s
IVM^^M

_0_ S y n e r g i s m
Other

Overal l risk compared wi th c e l l above
Overall risk compared with prime ce l l
Q u a l i t y o f c o m p a r a t i v e risk as s e s sment

Remarks:
See remarks for lung cancer on previous page.
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LESTER B R E S L O W , c o m m i t t e e chairman, i s Dean E m e r i t u s and P r o f e s s o r o f
P u b l i c H e a l t h , S c h o o l o f P u b l i c H e a l t h , U n i v e r s i t y o f C a l i f o r n i a a t L o s
A n g e l e s . His work has been d e v o t e d m a i n l y to the e p i d e m i o l o g y o f chronic
d i s ea s e . He is a member of the I n s t i t u t e of M e d i c i n e and has served as
an advi s er on h e a l t h m a t t e r s to the W o r l d H e a l t h Organizat ion and to
several f e d e r a l agenc i e s .

R I C H A R D R . B A T E S i s S e n i o r S t a f f S c i e n t i s t , H e a l t h E f f e c t s I n s t i t u t e ,
C a m b r i d g e , M a s s a c h u s e t t s . P r e v i o u s l y , he served as A s s o c i a t eC o m m i s s i o n e r for S c i e n c e o f the F o o d and Drug A d m i n i s t r a t i o n and
A s s i s t a n t to the Director for Risk Asse s sment at the N a t i o n a l I n s t i t u t e
o f Environmenta l H e a l t h S c i e n c e s . He has e x t e n s i v e k n o w l e d g e in the
f i e l d s o f risk a s s e s sment and e x p e r i m e n t a l p a t h o l o g y and has c o n c e n t r a t e d
his research on chemical carc inogenes i s and t o x i c o l o g y * Dr. Bates is a
member o f th e Amer i can A s s o c i a t i o n o f P a t h o l o g i s t s , t h e American
A s s o c i a t i o n f o r Cancer Research, a n d t h e S o c i e t y o f T o x i c o l o g y .

H E N R I K H . B E N D I X E N i s P r o f e s s o r o f A n e s t h e s i o l o g y a n d Chairman o f t h e
D e p a r t m e n t o f A n e s t h e s i o l o g y a t C o l u m b i a U n i v e r s i t y in New York C i t y .
H i s research i n t e r e s t s i n c l u d e r e s p i r a t o r y f a i l u r e a n d o ther a s p e c t s o f
in t en s iv e care m e d i c i n e . In a d d i t i o n to serving on N a t i o n a l Research
Council c o m m i t t e e s s t u d y i n g shock and the t o x i c i t y o f a n e s t h e t i c a g e n t s ,
he has been a member of various c o m m i t t e e s of the N a t i o n a l I n s t i t u t e s of
H e a l t h . H e i s a p a s t p r e s i d e n t o f t h e S o c i e t y o f C r i t i c a l Care M e d i c i n e
and a member of the I n s t i t u t e of M e d i c i n e .

STEPHEN L. BROWN is an i n d e p e n d e n t c o n s u l t a n t s p e c i a l i z i n g in
chemical risk asses sment and r e la t ed prob l ems . His contribut ions
i n c l u d e t h e d e v e l o p m e n t o f t e chn ique s f o r e s t i m a t i n g human expo sure
t o c h e m i c a l s a n d other b i o l o g i c a l l y s i g n i f i c a n t a g e n t s , a p p l i c a t i o n o fsystems ana ly s i s techniques to chemical risk a s s e s sment , and p r i o r i t y -s e t t i n g f or bo th t e s t i n g and r e g u l a t i n g hazardou s sub s tance s . He wa s
p r e v i o u s l y Dire c t or o f t h e C e n t e r f o r H e a l t h a n d Environmental Researchat SRI I n t e r n a t i o n a l .

P A T R I C I A A . B U F F L E R i s P r o f e s s o r o f E p i d e m i o l o g y a n d A s s o c i a t e Dean
for Research at the U n i v e r s i t y of T e x a s H e a l t h S c i e n c e Center at the
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Schoo l o f Pub l i c H e a l t h in H o u s t o n . Her research i n t e r e s t s inc lude
o c c u p a t i o n a l and environmental e p i d e m i o l o g y , w i th s p e c i a l emphas i s on
cancer, pulmonary d i s e a s e s , and reproduc t ive d i s o r d e r s . She is pa s t
Chairman o f t h e A m e r i c a n P u b l i c H e a l t h A s s o c i a t i o n E p i d e m i o l o g y S e c t i o nand is c u r r e n t l y on the Board of D i r e c t o r s of the A m e r i c a n C o l l e g e of
E p i d e m i o l o g y .

ARTHUR M. LANGER i s an A s s o c i a t e P r o f e s s o r and the A s s o c i a t e D i r e c t o r
of the Environmental S c i e n c e s Labora tory at the Mount S i n a i S c h o o l o f
M e d i c i n e . H i s research i n t e r e s t s have i n c l u d e d d e v e l o p m e n t o f a n a l y t i c a l
t e chn ique s f or m i c r o p a r t i c l e s , measurement and c h a r a c t e r i z a t i o n o f
a sb e s t o s f i b e r in human t i s s u e s , and d e t e r m i n a t i o n of phys i cochemical
p r o p e r t i e s o f mineral d u s t s that impart b i o l o g i c a l a c t i v i t y . I n a d d i t i o n
to serving on many governmental advi sory c o m m i t t e e s , he has acted as
c o n s u l t a n t to the I n t e r n a t i o n a l A g e n c y for Research on Cancer of the
W o r l d H e a l t h O r g a n i z a t i o n a n d t o t h e N o r w e g i a n a n d S o u t h A f r i c a n
governments on s u b j e c t s r e l a t e d t o a s b e s t o s e xpo sure and h e a l t h e f f e c t s .

J E R E M I A H L Y N C H i s t h e I n d u s t r i a l H y g i e n e M a n a g e r o f t h e Exxon
Chemi ca l Company. Mr. Lynch p r e v i o u s l y worked at the N a t i o n a l I n s t i t u t e
f o r O c c u p a t i o n a l S a f e t y a n d H e a l t h o f t h e U . S . P u b l i c H e a l t h Service ,
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s t r a t e g y , and engineer ing control t e chno l ogy . He is a past Chairman of
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ac t ive in U . S . and in t e rna t i ona l o c c u p a t i o n a l h e a l t h groups .

JAMES A. MERCHANT is P r o f e s s o r in th e D e p a r t m e n t o f Prevent ive
M e d i c i n e and Environmenta l H e a l t h and th e D e p a r t m e n t o f I n t e r n a l M e d i c i n e
at the U n i v e r s i t y of Iowa. B e f o r e a s suming his pr e s en t p o s i t i o n , he was
D i r e c t o r o f t h e A p p a l a c h i a n L a b o r a t o r y f o r O c c u p a t i o n a l S a f e t y a n d H e a l t h
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e p i d e m i o l o g y , and p u l m o n a r y medic ine .

RICHARD R. MONSON is P r o f e s s o r o f E p i d e m i o l o g y and Direc tor o f the
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N a t i o n a l Research Counc i l C o m m i t t e e on A m i n e s .

BROOKE T. MOSSMAN is A s s i s t a n t P r o f e s s o r o f P a t h o l o g y a t the
U n i v e r s i t y o f Vermont C o l l e g e o f M e d i c i n e . She c o n d u c t s research on
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at Brookhaven N a t i o n a l Laboratory. His research in t er e s t s include
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